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Abstract
TH E O R Y OF ATO M IC SCALE FRICTION
Alper Biildiim 
Pli. D. in Physics 
Supervisor; Prof. Salim Çıicicı 
June, 1998
Friction is an old and important but at the same time very complex physical 
event. This thesis aims to develop an atomic scale theory of friction. VVe 
investigate various atomic processes and stick-slip motion by using simple 
models and by using simulation of realistic systems based on the state- 
of-the art molecular dynamics and ab-initio electronic structure and force 
calculations. Theoretical studies of dry sliding friction, which has a close 
l)earing· on the experiments done by using the atomic and friction force 
microscope were performed. First, a simple model is used to investigate 
the basic mechanisms of friction and stick-slip motion, whereby the effect 
of material parameters and local elastic deformation of the substrate were 
also examined. Then, atomic scale study of contact, indentation, subsequent 
|)ulling and dry sliding of a sharp and blunt metal tips on a metal surface 
were studied. In order to understand the atomic-scale aspects of boundary 
lubrication such as interesting covera.ge and load dependent behavior and 
structural transformations, molecular dynamics simulations were performed 
on a model system that has two .\'i(110) surfaces and a. xenon layer confined 
between these two surfaces. Finally, in view of the atomic processes revealed 
from computer simulations an energy dissipation mechanism and quantum heat
m
JV
conduction were studied.
K eyw ords: Friction, tribology, atomic scale friction, nanotribology, .A.tomic 
force microscope, Friction force microscope, lubrication, bound­
ary lubrication, energy dissipation, quantum heat transfer, heat 
conductance.
özet
atomik düzeyde sürtünmenin teorisi
Alper Buldum  
Fizik Bölümü Fizik Doktora 
Tez Yöneticisi: Prof. Salim Çıracı 
Haziran 1998
Sürtünme, çok eski, iyi bilinildiği sanılan fakat hakkında çok az şey bilinen 
ve çok karmaşık bir fiziksel olaydır. Bu tez çalışmasında, sürtünmenin 
atomiksel teorisini oluşturmayı amaçladım. Öncelikle, basit modellerle, gerçeğe 
yakın sistemlerin moleküler dinamik metodu ile simülasyonlanyla ve elektronik 
yapı ve kuvvet hesaplarıyla, sürtünmenin pek çok atomiksel olaylarını ve 
yapışma-kayma hareketini irdeledik, ilk olarak, basit bir modelle, sürtünmenin 
ve yapışrnci-kayma hareketinin en temel mekanizmalarını, materyal parame­
trelerinin ve yöresel elastik deformasyonun etkilerini de hesaba katarak 
keşfettik. Daha sonra, çok sivri ve küt metal iğnelerin metal yüzeylerine 
temasını, delmesini ve ardından geri çekilmesini, ve kuru sürtünmesini 
atomik düzeyde çalıştık. Sınırsal yağlamanın atomik düzeyde temellerini 
anlamak için ( yapısal transformasyonlar, yüke dayalı davranışlar ve kaplama 
oranının etkileri gibi ) moleküler dinamik simülasyonları gerçekleştirdik. 
Tüm bu atomiksel simüslayonlarm ve hesaplamaların ışığında, enerji kaybı 
mekanizmalarını ve kuvantum ısı transferini çalıştık.
V.1
Anahtar
sözcükler: Sürtünme, triboloji, atomik düzeyde sürtünme, nanotriboloji, 
atomik kuvvet rnikroscopu, sürtünme kuvvet mikroskopu, 
yağlama, sımrsal yağlama, enerji kaybı, kuvantum ısı transferi, 
ısı iletkenliği.
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Chapter 1
Introduction
Friction is an old but also interesting event and involves several complex and 
unsolved problems. The science ol friction or tribology is related to a wide range 
of fields from earthcjuakes science to the molecular lubrication, even c[uantum 
friction. Although the fundamental aspects of friction have been discussed for 
more then hundreds of years, our knowledge about its microscopic aspects is 
not complete owing to the fact that friction occurs at the interface beyond 
observation and involves features on the atomic scale. Nearly -300 years ago, 
G. -Amonton published his famous law  ^ which states that for a given pair of 
object in relative motion, the friction force is proportional to the normal force 
[Fj — i-tN). The “coefficient of friction” , /.i is supi^osed to be independent 
of the apparent contact area /1, the loading force N  and the sliding velocity. 
This is actually what we were told in the science lectures of junior high school. 
On the other hand, the energy dissipation and material wear and also waste of 
resources therefrom are among the most vital problems faced by the science and 
technology for many decades. Nowadays, efforts on preventing moving objects 
From wear by lubrication, reducing the energy loss have attracted considerable 
research interest from various disciplines.
The invention of the atomic force microscope (AFM) in 1986 by G. Binnig 
et.al.^ and its application in measurements of atomic scale friction (as a friction 
force microscope - FFM) in 1987 by C. M. Mate et.al.^ have made a great
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impact on friction. A new field that involves atomic length and time scales 
(nanotribology) has emerged. AFM consists of a sharp tip mounted on a 
cantilever and it scans a sample surface. The atomic forces down to the small 
fraction of a nanoNewton (10” ® N) are determined by measuring the vertical 
and horizontal deflections of the cantilever during the scanning operation.
Using AFM, C. M. Mate et. al.  ^ observed atomic-scale features on the 
frictional force acting on a tungsten tip sliding on a graphite surface. These 
features exhibit the periodicity of the graphite surface and involve the well- 
known nonconservative stick-.slip motion of the tip on the graphite surface. 
The tip initially sticks to the sample until a potential barrier is overcome by 
the increasing deflection of the cantilever. Then eventually it slides across 
the surface until the next stick stage. This type of motion I'epeats with the 
periodicity of the graphite surface. Similar stick-slip phenomena have been 
observed by other groups for a wide variety of systems; such as dry sliding 
between commensurate surfaces, stretching of nanowires even the motion of a 
layer at the crust of the earth.
The contact between the sliding planes occurs through their numerous 
small asperities. The buried interface involves many interesting cind complex 
physical phenomena, like adhesion, wetting, atom exchange, elastic and plastic 
deformation and structural transitions. In order to see the atomic processes 
during the contact, indentation, pulling-off' and dry sliding friction of a metal 
asperity on a metal surface, we performed computer simulations using the 
molecular dynamics method. The classical molecular dynamics method can 
be described basicaly in three steps: i) Assigning an interaction potential 
between atoms or molecules, ii) Solving the Newton’s equations numerically, 
iii) Analyzing the trajectories, forces and other physical quantities. In the 
quantum molecular dynamics method the interaction potential is generated 
from first-principles, and atomic and electronic relaxations are carried out 
on the hyper Born-Oppenheimer surface. Our simulations using classical 
molecular dynamics method are performed by using the realistic potentials^ 
that were tested on a wide variety of systems. We also parallelized our 
computer programs for using the advantage of parallel computation, using 
message pa.ssing interface (MPI). One of the parallel computation models is the
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message passing model, posits a set of processes that have only local memory 
but are able to communicate with other processes by sending and receiving 
messages. Message passing interface is a message-passing model and a library 
that its functions and routines involve data operation and data communication.
The study of lubrication is also a very old field like friction and it is one of 
the oldest technologies.in the world. For moving the heavy objects, animcil fats 
or grease have been used, but lubrication has become more sophisticated as 
technology advances. In particular, the lubrication of hard disks in computers 
is a very important and technologically relevant problem.
In lubrication, the objective is to achieve the control of friction and wear 
of intei'acting surfaces in relative motion under load. In order to prevent 
surfaces from contact, liquids, gases and solids have been used as lubricants. 
If the generated film of liquids or gases is thick enough, then it is the 
hydrodynamic pressure which supports the load (hydrodynamic lubrication).*  ^
As the surfaces become closer, many of the asperities may go under elastic 
deformation. This condition is called the elastohydrodynarnic lubrication. Up 
to this point, conventional theories of fluid him, viscosity and hydrodynamic 
lift apply. Upon further decrease of the separation between the surfaces, 
the him becomes even thinner. This situation makes a new regime where 
hydrodynamic theories do not apply. The him in this regime (called boundary 
lubrication regime) is molecularly thin and the character of confining surfaces 
plays the dominant role. In the high density magnetic disk recording and in the 
operation of micro-mechanical devices (MMD) the spacing for the lubricating 
him is low enough that rarely more then two or three molecular layers are 
accommodated.®’' The design of such thin hlms that can self a.ssemble, self 
repair or self-regenerate, and wear resistant is critically important. The theories 
for boundary lubrication are not well developed and the microscopic processes 
are not well understood.
The structure of atoms and molecules in ultra-thin hlms is very different 
from their bulk structure. Other properties like molecular rela.xation times and 
the freezing points can be very different also.®’® A surface has effects on the 
him of the atoms or molecules that adsorbed onto it. Earlier, monolayers of Xe, 
Ar and Kr physisorbed on the graphite surface were studied extensively.’ ® The
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effects of two confining surfaces and the pressure due to the loading force can 
be dramatic and can produce a wide variety of structures. The dynamical 
properties of thin lubricating films during sliding can be complicated and 
crucial for understanding the aspects of boundary lubrication. Such films can 
melt and freeze during the motion and induce stick-slip type friction. The 
dynamic phase transitions may occur between shear-induced ordered states.
In order to understand the atomic-scale aspects of boundary lubrication 
such as interesting coverage and load dependent behavior and structural 
transformations, molecular dynamics simulations were performed on a model 
system that has two Ni(HO) surfaces and a .xenon layer confined between these 
two surfaces. Embedded atom model potentials are used for the interaction 
between Ni atoms and the Xe-Xe and the Xe-Ni interactions are defined in 
terms of empirical Lennard Jones potentials.
Working on friction for more then 55 years, Prof. D. ТгіЬог of University 
of Cambridge notes:
“ The crucial issue in friction is to understand its dissipative nature. This 
problem is still with us.” .^  ^ Recent experimental techniques have shed light on 
the atomic processes of friction and they also increase the interest to understand 
the atomic scale mechanisms of energy dissipation during friction.
In fact, the energy dissipation is a complex as well as an important problem 
not only in tribology, but also in physics, chemistry and polymer science. As 
known, in quantum mechanics the Schrödinger equation is stationary and does 
not include energy dissipation. The treatment of the energy exchange between 
the system and the environment is not straightforward. In polymers and giant 
biological molecules the intermolecular energy exchange and intramolecular 
vibrational energy redistribution have subject of intensive study. Specificall}^, 
the sliding of an asperity on a atomic plane induce local compressive strain, 
which can excite LA and TA phonons, charge density waves and electron- 
hole generation. In some cases induced desorption and migration of atoms or 
local structural transformations lead to the relaxation of vibrational states. 
In the boundary lubrication whether the electronic or phononic processes 
dominate the energy dissipation due to the motion of inert gas atoms on the 
metal surfaces is subject of c o n t r o v e r s y . W h i l e  perturbation calculations
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within “sudden” approximation favors the phononic contribution to energy 
dissipation, the scattering of the surface electrons treated by the surface 
resistivity has indicated the electronic mechanism as a major loss of mechanical 
energy.
Earlier the heat conduction in metallic crystals have been treated by 
different methods. In the friction of a sliding asperity on the metal surface 
the noneciuilibrium electronic and phononic excitations are generated at 
the interface and then dissipated. If the mechanical energy converted to 
these excitations decays quickly from interface into the moving object, the 
temperature is stabilized at the steady state. Otherwise the raise of the 
temperature lead to the melting and wear of the asperity. VVe are treating 
the energy dissipation problem by a local description. We treat the asperity as 
a small cluster of atoms connected to the moving object but sliding over the 
surface of the other object. The motion excites the vibrational modes of the 
other cluster that decays to the cluster and passes trough the neck between 
the cluster and the moving object.
The subsequent chapters present a summary of my thesis study that aims 
to develop an atomic scale theory of friction. We introduce first a simple 
model in order to understand basic aspects of dry sliding friction and the 
stick-slip motion. Then we perform calculations on the formation of contact, 
nanoindentation and sliding friction by simulating realistic systems. Our 
simulations continue with lubricants between the sliding objects where we 
tend to investigate structural and dynamical properties of the lubricant atoms 
and their phases in the course of sliding. The last part is devoted to solve 
the problem of quantum heat transfer and energy dissipation using a model 
system for investigating how the heat is transfered and which mechanisms plciy 
the most important role in dissipation.
Chapter 2
A  model for dry sliding friction
The relative motion of two objects at close proximity (sliding, rolling or motion 
in the perpendicular direction) induces nonconservative forces which resist to 
the motion. This ¡phenomenon is called friction and is relevant for various 
disciplines in science and technology. The origin of the friction force, and 
of the energy damping is the short and long range interactions between two 
objects. Depending on the distance between objects and also on their relative 
lateral positions the magnitude of the interaction potential varies and it can 
be either attractive or repulsive.
The moving objects are either in direct contact through the asperities 
or lubricants are introduced between them to reduce friction. The sliding 
dry friction between atomically flat, commensurate or incommensurate sliding 
surfaces perhaps is the simplest, but most fundamental type of friction in 
tribology. Depending on the conditions it may include several interesting 
phenomena such as adhesion, wetting and atom transfer, strain induced phase 
transition and local surface reconstruction, anisotropy in stick-slip motion and 
the dissipation of local, non-equilibrium distribution of phonons. Whatever 
the type and the scale of the friction is, the atomic process between the sliding 
or moving objects is crucial for friction.
Experimental investigations of interaction between solid surfaces in dry
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friction and between surface and lubricant atoms in boundary lubrication 
have shed light on the underlying microscopic mechanism of friction, in 
the meantime, theoretical studies using atomic m o d e l s , a n d  large 
scale molecular dynamics simulations^^“ ‘^‘ have provided insight for better 
understanding.
The atomic scale analysis of the interaction between sliding surfaces is 
necessary to understand the noncoriservative lateral forces and the mechanism 
of energy dissipation in friction. Our study presents the ana,lysis of interaction 
in dry sliding friction. First, the nature of interactions and lateral and 
perpendicular forces generated therefrom are discussed. The dry sliding friction 
and the stick-slip motion between two flat metal surfaces represented by rigid 
Al(OOl) slabs are studied in the cpiasi-static approximation. The eflrect of the 
lateral and perpendicular deformation is investigated on a model system in 
which the interatomic interactions are expressed by harmonic and anharmonic 
potentials. The present model comprises features which were not included 
in the models used in the earlier theoretical studies. The results obtained 
from this work indicate that the elasticity of the surface in the perpendicular 
direction has a significant effect on the friction and may give rise to a second 
state for certain range of elastic constants and normal force.
2.1 Nature of Interactions Between Sliding 
Surfaces
Short-range and long-range interactions occur between the surfaces of sliding 
objects. Short range interaction comprises the Coulomb repulsion of ions and 
the attractive electron-ion interaction. In spite of the fact that repulsive 
interaction is long ranged, it is screened by the electronic charge density 
which decays exponentially above the surface. The short range interaction 
can be calculated self-consistently within the local density approximation. 
For example, the interaction energy Ei{f) between two atomically flat and 
commensurate metal slabs (A and B) can be obtained by comparing the total 
energies^’ of the individual slabs with the total energy of two interacting slabs
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(A +B ). The relative position of the slabs is given by the vector f =  f ( x ,y , z )  
between two points, Oa and Ob fixed in the slabs A and B, respectively. For a 
given separation z = 2ro , Ei{x, y, Zo) has a 2D corrugation. The minimum of the 
interaction energy and the corresponding height ¿r = Ze(x,y) for a given lateral 
position (,T, y) is determined from -  0. The lowest value of Ei (or
highest adhesion energy) generally occurs when an atom of one commensurate 
surface faces the hollow [H) site at the other surface. When \z — Ze\ > 0 Ei 
increases and a normal attractive (repulsive) force acts on’ the slab if z > z^  
(z < Zg). An external normal force Fn applied to the object sets the separation 
z(x,y ,  TV) at a given lateral position {x,y).  If one of the commensurate slabs 
(B) slides above (A) under the constant normal force F^, z =  z[x,y]Fi\{) as 
well as Ei{x,y,z)  varies with the lateral position. The corrugation of Ei under 
the constant normal force is the prime cause of friction, since it leads to the 
lateral force
Fl =  -
'dEi' 'dEi'
dx i +z=z dy _
(2.1)
By definition this force is conservative, but part of it becomes nonconser­
vative owing to the stick-slip motion. During the slip, the part of the energy 
which is stored during stick are damped by creating local, non-equilibrium 
phonon density. Sliding object normally slips less then a lattice parameter, 
but at certain conditions it can slip more than a unit cell. The van der 
Waals interaction between the atoms of the two slabs (A and B) is weak. 
However, owing to its longer range, the forces on atoms further away can be 
approximated by an integral over body forces. This gives a relatively strong 
but essentially uncorrugated attraction. Consequently, long-range interaction 
does not contribute directly to the corrugation of Fn, except that it affects the 
magnitude of the normal force.
2.2 Friction Between Al(OOl) Slabs
Since two Al(OOl) slabs are lattice matched and whole system has the 2D 
periodicity of the (001) surface of Al, Ei{f) can be calculated by using periodic 
boundary condition and hence by expanding the wave function in plane-waves.
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'in{k,r) =  YIq an{k,G)exp[i{k +  G) ■ 7^ . The primitive cell of the Al(OOl) 
surface has bravais lattice vectors bi =  a/-v/2T and 62 =  a|^/2j. H-site and 
T-site positions occur when the atoms of one slab face the hollow site and 
atomic site of the other slab, respectively. In an earlier p u b l i c a t i on , .£^ ¿(7^) 
curves were calculated using SCF-pseudopotential method within local density 
approximation for the atoms of B (i.e. the Al(OOl) slab which represents the 
moving object) facing the H,T sites and also two nonsymmetry points along 
the A/T-diagonal. The interaction energy surface Ei{x-= y,z)  in Fig 2.1(a) is 
obtained by the extrapolation of data presented in Ref. 46. From this energy 
surface, the variation of E{x  =  y,z)  corresponding to an external Em and the 
lateral force Fi\x =  y,z[x,y·, Em)] are calculated for relative displacement I 
along F/T-diagonal, [/ =  ^x'^ +  y^)]. Results are presented in Fig. 2.1(b) and 
1(c). At this point we should note that the slab B facing the Pl-site of the 
slab A with Em — 0 (or z =  Zg) is actually a single Al(OOl) slab consisting of 
(A+B).  One can only distinguish two different slabs if B deviates from the H- 
site, or if there exist at least one monolayer of foreign atoms. VVe nevertheless 
consider A and B two different slabs at the present analysis. Having obtained 
the corrugation of Fi  along the //T-line we calculate the variation of the 
friction force, Fj{x  =  y,FM). Our results for Ff versus the displacement of 
the moving agent, xd are illustrated in Fig.2.1(d). Note that ¡QFjdxD ^  0, 
since the energy is damped. At this point we would like to make following 
comments: i) Under Em the layers of A1 slabs are contracted by in the 
perpendicular direction. Moreover the atoms on the surfaces of A1 slabs are 
displaced laterally (ux,Uy) under El (see Fig. 2.1(c)). For the motion of B 
along the HT-line, we expect that the corrugation of Ei and Fi  are modified 
as a result of atomic displacements and u®. Present calculation, as well 
as the earlier first principle calculation^® (which analyzed the friction of the 
Pt atom on the graphite surface) do neglect the displacements of the surface. 
Deformation of surface becomes crucial for large Em- ii) Since the sliding speed 
of B, [dr/dt] is small (much smaller than the velocity of sound), we assume that 
the potential energy of the system (A+B) increases by the work, W  =  j  Fi,· dr 
during the stick. The slip is the most complicated part of the motion. In the 
sliding of two A1 slabs the restoring lateral forces which are generated internally 
contribute to that of the external cantilever (or to that of the agent moving the 
slab B). Just at the beginning of the slip, the external cantilever and displaced
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Figure 2.1: Interaction energy surface and stick-slip motion 
(a) Interaction energy surface E{ between two parallel Al(OOl) slabs. The spacing 
between slabs is z and the relative lateral displacement of slabs along the diagonal 
(x = y) of the primitive unit cell of surface is I =  (a;^  -f- (b) Variation of
Ei(l]F{^). H (hollow) and T (top) sites are described in the text, (c) Variation of 
the lateral force Fjv = 0) (d) The hysteresis curve corresponding to the stick-shp 
motion of Al(OOl) slabs. The force constant of the moving agent is kt = 0.02eF//l^. 
Interaction energy, lateral and perpendicular forces are given per A1 atom of the slab 
A.
atoms snaps towards their ecjuilibrium position. This way the non-eciuilibrium 
surface phonons are excited in the surfaces of slabs as well as in the cantilever. 
In the present case the surface phonons of both slabs are coupled. At this point 
we note, the friction force may dissapear if the sliding velocity is greater than 
the sound velocity { vd > vs i.e. the supersonic s l iding) . i i i )  If sliding surface 
has contacts through the asperities, small contact surfaces may experience not 
only relaxation but also local reconstruction, even wear. The energy of motion
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is damped through wear and reconstruction. In certain situations the atoms 
of the surface can wet the others. The coordination number of the atoms at 
the asperity and the relative bonding energies determine the wetting. The dry 
sliding friction between surfaces with large area can take place without wear, 
if the surfaces are atomically flat and their atoms are strongly bound. For 
example the sliding of a metal surface with strong cohesion on the graphite 
surface having strong sp^-bonds does not cause to wear, iv) In the relative 
motion of large incommensurate or multigrain surfaces the corrugation of E{ 
can diminish. This does not, however, eliminate energy damping. Even if the 
average corrugation of E{ between two surfaces disappears, the corrugation 
of interaction between individual atoms on the surfaces continues to exist. 
Therefore, the energy is damped by the stick-slip motion of atoms; the Fl 
versus displacement becomes uniform but finite , the hysteresis continues to 
exist, v) In the presence of foreign atoms between flat surfaces (for example Xe 
between two Ni surfaces), the force between metal atoms in different surfaces 
is usually in the weak attractive range, while the force between metal and Xe 
is in the repulsive range. This way, the foreign atoms prevent the surfaces from 
strong adhesion. For certain range of F’/v the Xe atom execute ID or 2D stick- 
slip motion as one of the metal surfaces moves relative to the other surface. A 
detailed analysis of the lateral and perpendicular motion of Xe induced by a 
tip were investigated by using molecular dynamics method.·^®
The dry sliding friction and the corresponding stick-slip motion between 
commensurate surfaces can be studied by using SCF-total energy calculations 
if the effect of the local deformation can be neglected.^® A more desirable 
and accurate method would be the quantum molecular dynamics in which 
atomic and electronic can be taken into account self-consistently at a given 
temperature. We hope that with the advent of high-performance computations 
and new algorithms such calculations will be realized in near future.
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Figure 2.2: Model
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The atomic model used to study the friction force Ff, and the stick-slip motion. 
Fi\r is the normal loading force; [xt,zt) are the coordinates of the moving agent 
represented by a single atom; xd the position of the moving agent; kt, kx, k'^  and k. 
are the spring constants described in the text.
2.3 Model Calculations
Earlier, various features of friction with various lubricant molecules and atoms 
have been explored by using classical molecular dynamics m e t h o d . E v e n  
simple models such as Tomlinson^^ and Frenkel and Kontorova^® methods have 
been useful to study dry sliding friction. The model used in the present study 
aims to explore the effect of various material parameters on the friction. In 
particular, the friction and stick-slip motion are analyzed in the presence of 
local elastic deformation in the perpendicular direction. In this respect, our 
model described in the Fig.2.2 is different from earlier models.
The moving (or sliding) object is represented by a single atom. This 
can viewed as the apex atom of the FFM tip. Single atom is sensitive to 
the atomic structure and the energy corrugation of the substrate, and has 
coordinates pt{xt,.^t)· A sliding object incorporating several atoms could have
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contributed to energy damping. This would be only a further elaboration of 
the present model. The agent that pushes the sliding object has coordinates 
Pd (^d , ^d), where Z£i =  z¡. Note that the motion of atoms occurs in the lateral 
(a;) and perpendicular (z) direction. The lateral force, acting on the sliding 
atom is given by Fn =  kt{xt -  xd ) (assuming that =  0 for xd =  Xt), 
which corresponds to the friction force. The interaction potential between the 
sliding atom and substrate atoms Vti{\pt — pi\) are represented by a Lennard- 
.Jones pair potential having parameters e =  0.84 eV and Tq — 2.56 A. Those 
parameters are fitted to the physical properties of the Ni-metal. The substrate 
is modeled by an infinite chain of atoms. This way various edge effects due 
to the finite size of the substrate are avoided. pi{xi,Zi) and Poi{xio,^io) denote 
the equilibrium positions of the chain atoms with and without interaction due 
to the sliding object, respectively. The cohesion of the substrate is provided 
by the interchain potential. The total potential of the whole system (sliding 
object and the substrate) is given by
Vt =  Vti{\pt — pi\) + + X) ^kx{xi — XioY
i i ^
1
2
i
(2.2)
Here, Vp^ i is the potential of substrate atoms in the perpendicular direction 
which is taken harmonic, i.e. 1^ ,,· =  k [^z{ — z,o)^/2. The total potential Vj as 
e.xpressed in Eq.(2) is reminiscent of the interaction energy Ei discussed in the 
previous section. However, the electronic contribution to Vr is robust. The 
last term in Vt indicates that an external perpendicular force TV is acting on 
the sliding atom. This corresponds to the normal loading force
Fn =  - E aviidzi (2.3)
j  Zt
and sets zt =  zt for a given lateral position Xf. Then the equation of motion of 
the moving atom under the constant normal force is
7nxt +  23 9 t^i/dxt\z=zt +  F^dztldxt +  kt(xi -  xd) =  0
i
(2.4)
Chctpter 2. A model for dry sliding friction 14
x[A] x[A]
Figure 2.3: Propagation of potential energy and deformation 
The propagation of the local(strain energy) potential energy and deformation created 
in an infinite ID substrate described in Fig.2.2. Atoms are allowed to move in the 
x-direction since is taken infinite.
Similarly the equation ol motion for the substrate atoms
mxi + dVtildxi +  k^ Xi + 2k'^ Xi -  = 0 z = 0, ±1, ±2,...
(2.5)
The sliding atom (or object) applies a force to the substrate and induces local 
deformation. The strain energy stored in this local deformation spreads out in 
the substrate. This is the path of the energy transfer from the moving object 
to the substrate leading to the dissipation. Fig.2.3 illustrates the propagation 
(dissipation) of the local strain energy and deformation induced by the moving 
object just before the start of the slip.
At this point the moving object is removed and atoms are allowed to move 
only in the x-direction (i.e. k, is taken infinite). This can be viewed as the 
equilibration of non-equilibrium phonon density induced at the close proximity 
of the tip. The deformation propagates with the velocity ol ~  3000 m/s. As the 
speed of the moving object approaches to this velocity the dynamical solution
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becomes important.
In the present study we consider the low sliding speeds in the range of 
Vo =  dxo/dt ~  4Â/s. This is relevant for AFM. Furthermore, we assume 
that the normal force Fm does not cause to any kind of plastic deformation 
or wear; hence the energy transferred to the substrate by an induced local 
deformation spreads with the speed of sound, and is dissipated almost suddenly. 
These conditions justify the quasi-static approximation, in which the friction 
force Fj at a given time t is equal to the lateral force Fi. This requires the 
determination of the actual positions of substrate atoms {:c,·, z,·} for a given 
x o  and F/v· Since all these coordinates are interrelated through Eq.2.2, they 
can be calculated by using tedious iterative procedures. The calculation of the 
interaction potential Xj,· Vj,· involves 141 atoms at close proximity to the sliding 
object. Only 60 atoms out of 141 are allowed to relax under the interaction 
potentials. The rest of the substrate atoms which are far from the sliding 
object are kept in their original position since their displacements under the 
force exerted by the other atoms are insignificant. For xo  at time t we start 
by determining the equilibrium positions of the atoms for a given {xt,zt) by 
using equilibrium conditions for the forces obtained from interaction potential. 
Note that the moving atom is under the forces Fjv, Fl and the force derived 
from interaction potential Xj,· Vu{\pt — pi\)· In the iteration cycles zt is varied 
continuously to find so that the normal force becomes equal to the desired 
value Fm- The lateral xt coordinate of the moving object is varied to balance 
Fi- Upon reaching the equilibrium condition at xo,  the friction force Ff which 
is ecpial to Fl , is calculated from the actual values of xo  and ,t<. By increasing 
Xo by Vo · A i all steps of iterations are repeated to find Ff for this new value 
of Xo- This way Ff versus xo  (or Ff versus t) curves are obtained for right 
going or left going moving object. This leads to a hysteresis since the average 
of Fl , F idxo!{xD 2 — xd\) is finite and is equal to average friction force
Fj-
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2.4 Results and discussion of the atomic 
scale model
The stick-slip motion, in particular Fj and the hysteresis curve in dry sliding 
friction between atomically flat surfaces are strongly dependent on material 
parameters (i.e harmonic and anharmonic terms of the interaction potential) 
and Fi\·. -In the moclel described in Fig.2.2, the force constant kt^oí the sliding 
object, and those of the substrate k^ , k'^ , k^  and the interaction potential Vti 
between sliding cincl moving objects are of crucial importance. The earlier 
treatments that cissumed rigid substrate surface did not take into account the 
deformation induced by the moving object. Using quasi-static approximation 
we calculated the hysteresis curve, (i.e Ff(x£)) curve in a cycle of o-'o), and 
examined the effect of material parameters and F¡\¡ on the average friction 
force Ff. Fig.2.4 summarizes our results.
According to the definition of friction force in the present model the 
elasticity of sliding object kt (or the force constant of cantilever of AFM which 
bends laterally) is essential for the stick-slip motion and Fj. In fact, the lost 
of energy in the course of slip decreases as kt increases, and eventually the 
bistability leading to slip does not occur when kt exceeds the value set for a 
given substrate having the corrugation Fl {x \Fm)· In Fig.2.4(a) and 2.4(b) 
the effect of kt in the energy damping is seen by comparing the area in the 
hysteresis curves resulted for two different kt. For a given kt, the friction 
force Fj is strongly dependent on the lateral and perpendicular force constants 
of the substrate. The energy damping increases with decreasing lateral force 
constants. For example, by comparing hysteresis curves in Fig. 2.4(c) one 
concludes that among two different sets of lateral force constants ~  1.5, 
l.7eV//C (at fixed loading force Fn =  0, kt — 0.2, k^  =  lOeU/A^) the strongest 
damping of energy occurs for k ,^F^  =  1.5eV//U. In general, the average energy 
damping increases with decreasing k. at a fixed FV, and also with increasing 
Fi\f. However, Fj{k.)  at constant Fyv or F/(FV) at constant k, are not linear, 
and reciuires a detailed analysis. We present this analysis in Fig.s 2.4-6. The 
essential aspects of nonlinearity, which were not taken into account before 
are the deformation induced modification of the interaction potential and its
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Figure 2.4: Hysteresis curves
Hysteresis curves (i.e variation of F/ in a cycle of X£>) calculated for different material 
parameters and normal loading force, (a) kt = 0.2, — 4..3, k'^  = 5.8, kz = lOeF//l^.
(b) Same as (a) except kt - 0.8eV/A .^ (c) Fyv = 0, kz = 10, kt = 0.2e1///H I: 
k^  = k'z, = l.beV/P] II: k^ : = k'^  = l.leV/A^. (d) Fn = 0.2 nN, k^  ^ = 4.3, k'^  = 5.8, 
ki = 0.2eF//l2, I: kz = 2.5; II: kz = 5; III: kz = IbeV/A .^ (e) kt = 0.2, k^ , = 4.3, 
k'z: - 5.8, kz -  lOeF/A^ I: F^ = 0 nN; II: Fm = 1 nN. (f) Same as (e) except 
II:.F,v = 0.2 nN.
anharmonicit}c In Fig.2.4(d) the hysteresis curves corresponding to kz =  10, 
5, 2 .beV/A^ (at — 0.2 nN, =  4.3, k'^  =  5.8 and kt =  0.2eF/A^) show
that the energy damping (or Fj) increases with decreasing kz in the range 
2.5 < k. < 10. Later in this section, we will see that the behavior of Fj{kz) 
is not straight forward, however. In Fig. 2.4(e) and 2.4(f), the hysteresis 
curves for F;v =  0, 0.2, and 1 nN ( with =  4.3, k'^  =  5.8, kt =  0.2eF/A^)
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show that the energy damping increases with increasing F¡ .^ It is also seen 
that the stick-slip motion becomes irregular for a certain range of F¡\, and in 
the same hysteresis curve two different state stick-slip motion (or some kind 
of anisotroj^y) are distinguished. Such an effect dissapears as L· oo (i.e 
substrate surface becomes rigid) or the variation of Vt in the perpendicular 
direction becomes strongly anharmonic. Normally, one expects that the profde 
of F/{xd) is uniform even if i^ /v 7^  0 since the elastic deformation is continuous. 
However, due to the corrugation inversion, discontinuous change in the elastic 
deformation can take place at certain range of F¡\. Then the motion makes 
transition from one minimum (state φ 1 ) to another minimum (state φ  2). 
This interesting finding is clarified in Fig. 2.5(a).
As seen, Vy is low at the H-site (between two substrate atoms, but increases 
at the T-site (on top of the substrate atom). The corrugation AVr =  ^'^(T) — 
Vt {H) increases with increasing normal force for 1. On the other hand, 
AV'r varies with the normal force if the substrate surface is elastic in the 
perpendicular direction. In Fig.2.5(b) the corrugation Δ ΙΤ  is positive for H/v =  
0, but it decreases with increasing F^] eventually the corrugation is inverted 
at some range of FV· The inversion of AVy is related with the large elastic 
deformation of the substrate in the perpendicular direction. Our results predict 
that the corrugation inversion occurs for substrates which have small kr for a 
wide range of perpendicular elastic deformation, and closely related with the 
second state in the stick-slip motion; For F)v = 0, Fj has well-defined value 
prior to the slip, and the profile of Ff{xD) is uniform. Our calculations predict 
that the profile of F ¡{xd ) exhibits anisotropy at certain range of Fm- The range 
of FV, where anisotropy in the stick-slip motion occurs, depends on the value of 
yt-. Upon the onset of anisotropy the stick-slip motion makes a transition from 
the first state (AVr > 0) to a second state (AVr < 0). The onset of second 
state is prevented by the anharmonic and strongly repulsive forces opposing to 
the perpendicular deformation. The variation of the average friction force Fj 
with kz and F)v are important aspects revealed from the present model. The 
variation of Fj with k. with constant F)v is illustrated in Fig. 2.6(a). F¡ has 
minimum at k, ~  7.5 eV /Á , which can be explained as follows; In the range 
k. < 7.5eU/A^ Fj increases with decreasing kz\ the softer is the material in 
the perpendicular direction, the higher is the energy lost by friction. On the
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Figure 2.5; Corrugation inversion
Total potential Vt versus Xt calculated for various normal forces Fyv in nN. (a) rigid 
substrate in the perpendicular direction i.e. = oo, (b) k¡. = 10eF//l^
other hand, for 7.5 < k, < 20eV’/A^ the energy lost due to friction decreases 
with decreasing k,. Fj becomes independent of k^ , for very large k^ , where the 
substrate becomes rigid in the perpendicular direction.
VVe finally consider the most fundamental aspect; i.e the variation of Fj 
with Fiv- This is usually taken Fj =  /.CkF^  which is true for the period of 
stick. In the range covering several stick and slip period the dynamic friction
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Figure 2.6; Average friction force
(a) Variation of the average friction force as a function of force constant in the 
perpendicular direction, F/v = 0.2 nN (b) Average friction force versus normal 
loading force Fyv calculated for various Filled squares, triangles, stars, filled 
circles and empty squares correspond to = 5,co,15,10 and anharmonic Vp_,·, 
respectively.
constant pd may not be constant. The relation between Fj and F/v obtained 
in our model depending on k. and anharmonicity of Vp^  is illustrated in Fig. 
2.6(b). For a rigid surface in the perpendicular direction (F  oo) >s 
constant, but vary with F¡\¡ when k^  is finite. F¡ decreases first, then increases 
with for ~  lOeK/A^. This behavior is related with the inversion of 
corrugation explained above in Fig. 2.5(b). Depending upon the value of F  the
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minimum of the Fj{F¡^) curve occurs at different F^· For large Fm, the relation 
becomes linear. At this point vve examine the effect of anharmonic potential 
of the substrate atoms in the perpendicular direction, The potential
including anharmonic contribution is expressed in terms of a polynomial up to 
power of the perpendicular displacement (z¿ —z.o). For small displacements 
around the equilibrium position ~  kz{zi — ZioY¡ 2 . Our calculations in the 
model described in Fig. 2.2 shows that the anisotropy of the stick-slip motion 
disappears gradually with increasing anharmonic contribution in Vp^ i. As a 
result Ff(Fiy) curve becomes linear for small loading force FV. Nevertheless, 
the nonlinearity appears for large normal loading forces.
We investigated the dry sliding friction by using results if ab initio 
calculations of interaction energy obtained for metal slabs. We also carried 
out calculations of stick-slip motion for infinite atomic chains. The most 
interesting finding of this study is that owing to the elastic deformation the 
interaction energy and the force variations are modified. In particular, for 
certain circumstances the corrugation of the interaction energy can be inverted. 
We showed that such a situation may give rise to a second state in the stick-slip 
motion and anisotropy in the hysteresis curve.
Chapter 3
Nature of interactions between
tip and sample
The nature and range of tip-sample interactions in STM and AFM have been 
addressed by several experimental and theoretical studiesF®’ ®^’ ®^“ ®^ Ab-initio 
calculations^· ’^^ “ ’^  ^ based on the self-consistent field ( SCF ) pseudopotential 
method within the local density approximation have yielded the interaction ( 
or adhesion ) energy E  in the range of ~  1 eV for the equilibrium separation 
between a sharp metal tip and sample. The maximum attractive force for 
the same tip-sample system that was calculatecP^ self-consistently within the 
Helmann-Feynman theorem, was found to be ~  2 nN. The interaction between 
a metal tip and graphite ( semimetal) surface was weaker, so relatively smaller 
adhesion energy and the tip force were ca lcu la ted .It was also shown that the 
attractive force does not increase additively if the single atom tip is replaced 
by a cluster of a tom s.H ow ever, regardless of the type of the material the 
tip-sample interaction due to Coulomb interaction between electrons and ions 
( and hence due to overlap of the sample and tip wave functions ) decays 
exponentially. Therefore it is short ranged. The range of this attractive 
force Fsr, may change when the tip-induced relaxation of atoms is taken 
into account. In addition to the short-ranged forces, the contribution of the 
long-ranged forces, such as the van der Waals ( vdW ) interaction has been
22
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questioned.^'*"^’' Calculations based on the Lifshitz’s asymptotic expression^®’^^  
have indicated that the vdVV force Fydw, is weak for large tip-sample separation 
d, and for a conical tip with small semiangie. However, Fydw being a weak body 
force can be significant for a blunt or spherical tip with separation not far from 
the sample ( d ~  15 — 20A).
The force variations Fexp{d), measured by AFM have displayed features that 
are rather different from early theoretical results summarized above.
For example, Fexp{d) between the gold tip and Ni surface showed long-ranged 
attractive region '^*; significant attractive force ( Fgxp ~  1 nN ) was recorded 
even for d ~  300A. The attractive force increased to 25 nN for d ~  50A. The 
longer range of the attractive force is in strong disagreement with ab-initio 
force calculations, since the calculated value of the short-range force FsR(d) 
becomes negligible for d ~  ik .  In order to explain the long range attractive 
force with significant magnitude several types of force having different origins 
were proposed. '^* Recently, .Jarvis et. al.‘‘° reported their results on the direct 
mechanical measurements of interatomic potential by using a modified atomic 
force microscope equipped with a magnetically controlled feedback mechanism. 
This way, the cantilever is prevented from jumping to contact and hence 
the interaction energy measured until a small separation. This measured 
interaction between the Si tip and the S i( ll l)  surface was, however, rather 
different from the theoretical predictions, as well as from the AFM results 
obtained earlier for the diamond tip and s a m p le .I n  particular, the range 
of the interaction energy Egxp{d), and the tip force F’eip(d), that was obtained 
from the stiffness measurement by integration were much longer than the range 
of FsR{d), calculated for metals by using ab-initio m eth od s .F or  example, the 
attractive tip force varied from approximately 0.1 nN to 0.3 nN as a result of 
the tip approach of 20 A. Moreover, unlike the earlier measurements^'* the 
magnitude of F{d) was small and had the maximum value ~  0.3 nN.
The present work aims to provide the understanding of the unusual variation of 
attractive force measured'*® between the Si tip and S i(lll)  sample. The source 
of disagreement is sought in the materials of the tip and sample, tip structure, 
and forces of different origins which may contribute to the resultant attractive 
force. To his end, we first calculate the short-range force variation F$r for
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the same tip-sample system by using the SCF pseuclopotential method. Since 
the atomic configuration at the apex of the tip cannot be controlled, small 
asperities can form contacts with the sample near the maximum of Fea,p(d). 
Consequently, one expects that the local deformation and the repulsive force 
generated at the contact can affect the range and the magnitude of the total 
attractive force Fexp{d). To reveal the effect of the local deformation on the 
tip force we simulated also a S i( ll l)  tip approaching to the S i( ll l)  surface by 
using molecular dynamics method. The variation of atomic configuration and 
resulting tip force are calculated as a function tip displacement s. Since the 
vdVV interaction can be significant and responsible for the long-rcinge attractive 
f o r c e ,w e  determine the Hamaker constant for the Si tip and Si sample and 
calculate the vdVV force for various Si tips having different size and shape. 
Finally we combine results of the above calculations to explain the experimental 
force variation.
3.1 Ab-initio Calculations
The Coulomb interaction between tip and sample diminish at large separation 
owing to the complete shielding of the charges. As d is decreasing, the 
wavefunctions start to overlap resulting an attractive interaction. The 
interaction energy Esnid) is obtained by subtracting the total energies of 
isolated tip and sample from the total energy of the tip-sample system 
separated by d. Then, the force Fsr =  —dEsn/dd, or by using the liellmann- 
Feynman theorem
FsR{d) =  -J 2 < ^ r ,H n D A > ,  (3.1)
j
Tj being the position vectors of the tip atoms. Once the self-consistency has 
been achieved, changes in the wave function due to the displacement of the 
nuclei do not contribute to the force, since the eigenfunctions are obtained 
variationally. As a consequence, Frr can be expressed as the sum of the 
electron mediated attraction^®’ ”^ ( in which the electron density is calculated 
from the self-consistent wave functions ) /  ■^[^JF^][ps[r) +  A p(r)]d f and 
the ion-ion repulsion — Yis Here, f ,^ Ps(r), A p(f), Zj and Zs are
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respectively, the positions vectors of the sample atoms, charge density of bare 
sample, net change in charge density, charge of the tip and sample ions. As 
d increases the attractive force decays exponentially and is cancelled by the 
repulsive force. It is also shovvn'·^  that Fsr ~  — E  dM/dd, M  being the 
tunneling matrix between tip and sample wave functions. In the present study, 
EsR{d) is calculated by using complete nonlocal, pseudopotentials given in 
Kleinman-Bylander form‘‘  ^ and the Ceperley - Adler‘‘  ^ exchange-correlation 
potential. The pyramidal tip has a single-atom at the apex which is supported 
by the S i( ll l)  layers; it is represented by 7 Si atoms. The substrate has the 
TT-bonded S i( l l l ) - (2xl) structure and consists of four layers or 32 Si atoms 
in the cell. The tip-sample system is treated by the supercell structure with 
negligible interaction between adjacent cells; each cell contains 39 Si atoms. 
The kinetic energy cutoff is taken < 1 2  Ry, so the electronic states are
expressed by the linear combination of ~  12000 plane waves. The relaxations 
of the atoms under the tip-sample interaction are not taken into account. This 
is a reasonable approximation for the present study that aims to reveal the 
range of Fsr at large d, but it is not valid for small d where strong attractive 
or repulsive interaction can lead to serious elastic and plastic deformation. 
The effect of the deformation on the force variation will be investigated by 
using much larger number of atoms and by performing molecular dynamics 
calculations in the next section.
Figure 3.1 illustrates the variation of the interaction energy EsR{d), calculated 
self-consistently within the local density approximation and force FsR{d), 
derived therefrom. The maximum attraction is 3.2 eV at d ~  3.7 A, 
and it decays and becomes negligible for d >  6.5 A. The maximum attractive 
force is 3.9 nN and occurs for d ~  2.7A; this value is smaller than the maximum 
of Fexp(d).‘’° In the present work, the Si tip is sharp and has single atom at the 
apex, whereas the atomic structure of the apex is not characterized and the 
possibility that the tip may have more than one atom at the apex is not ruled 
out. So the discrepancy, max{Fexp{d)] -  max{FsR{d)] would grow if we were 
using blunt tip in our calculation. Clearly, the range of F$r is rather short, 
and cannot contribute to the measured long-range attractive force if d > 8 A.
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Figure 3.1: Esr and Fsr calculated by SCF-pseudopotential method 
Variation of the interaction energy Esr, and short range force Fsr with the tip - 
sample separation d calculated by self-consistent field pseudopotential method. The 
tip and sample are assumed to be rigid.
3.2 Molecular Dynamics Calculations
The effects of the tip-sample interaction and the deformation induced therefrom 
are investigated by using a tip-sample system comprising 1367 Si atoms. In 
the present case, the tip and the sample have the same atomic structure, but 
involve more atoms and become more extended as compared to the model 
used in the above ab-initio calculations. The substrate is made by 8 S i(lll)  
layers (hence 1200 atoms ) with the (2x1) reconstruction geometry leading to 
the TT-bonded chain structure and five-fold and seven-fold rings at the surface. 
The sharp and pyramidal tip has 167 Si atoms that are arranged by the S i(lll)  
layers. The top two layers of the tip and the bottom two layers of the substrate 
are taken robust. The rest of the atoms ( 111 tip and 960 substrate atoms ) 
cire subject to rela.xation under the tip-sample interaction. These atoms are 
specified as dynamic atoms. The tip-sample system is treated by the periodic 
boundary condition, where each substrate layer includes (6x10) S i( l l l ) - (2xl)
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cells. The interaction between the atoms are calculated by using the Stillinger- 
VVeber'“' potential, that has been in reasonable success in predicting the defects 
and the surface reconstruction of silicon.V V e note that the cutoff distance for 
the three-body interaction is only 3.6 A in the Stillinger-Weber potential*·'* 
and hence the interaction are short-ranged. For that reason, the calculated 
energy and force are specified by a subscript SR. Starting from a large spacing 
( 5.5 A ) the two robust layers of the Si tip is displaced towards the sample in 
steps of As =  0.05 A; whereby the total displacement at the end of n steps is 
s == nAs. Between two consecutive steps of displacements, all dynamic atoms 
cire relaxed for 2000 time steps. In each time step of 3.8 x 10“ ®^ seconds, the 
dynamic atoms are let to move under the forces calculated at the beginning 
of the time step. At the end of each time step, the system is thermalized 
to 4 K. That the number of relaxation steps is suitable for the equilibriation 
of the tip-sample system following a 0.05 A approach of the tip is tested by 
calculating the temperature and potential energy variations. Figure 3.2 shows 
the calculated energy and force variations with the displacement s, of the tip 
cipproaching from a large spacing d. Figure 3.2(a) and 3.2(c) correspond 
to the tip facing an atom of the 7r-bonded chain of the substrate surface ( 
i.e. the top-site, T ), and Fig. 3.2(b) and 3.2(d) are for the tip facing the 
center of hexagon on the surface of the substrate ( i.e. the hollow site, H ). 
We note that the total energy of the system decreases discontinuously with 
s. By averaging the Esr{s) curve one can distinguish the steps Ci, (72,(73, 
where the total energy makes sudden falls. At the same points the tip force 
also decreases suddenly. Sudden changes in Esr{s) and Fsr{s) curves are 
related to the structural transitions at the contact where a double S i(lll)  
layer of the sharp tip is implemented to the contact as shown in Fig. 3.3. 
Stated differently, the boundary separating the ordered structure of the tip 
from the non-crystalline neck at the contact advances discontinuously towards 
the shank with increasing s. After each jump ( C\, C2 , C3 , ... ) a double 
layer is implemented to the non-crystalline neck. This behavior demonstrates 
that depending on the shape of the tip the force variation with s can be rather 
different from Fig. 3.1. In the present case, while the atoms at the apex form 
a contact and enter to the repulsive force region, the second layer atoms can 
be still attracted by the substrate. Accordingly, the measured tip force is the 
resultant of the attractive as well as repulsive force acting at different regions
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Figure 3.2; Esr and Fsr from classical molecular dynamics 
Variation of the interaction energy Err (top panels) and the force Frr (bottom 
panels) with the displacement of the tip s, are calculated by using classical molecular 
dynamics. Panels (a)-(c) and (b)-(d) correspond to the apex of the tip facing the top 
site and the hollow site respectively. Ci, C2 , and C3 indicate structural transitions.
of the tip. Depending on the material parameters, on the shape and atomic 
structure of the tip, Frr can be occasionaly and temporarily repulsive. Here, we 
address an important issue, namely the response of the cantilever to actual force 
variation ( or stiffness variation ). Each structure of the molecular dynamics 
simulations corresponds to a time interval ~  10“ ^^ sec, while the response time 
of a cantilever is usually larger then ~  10~® sec. Therefore, several structure 
occurring in atomic simulations can not be sensed by the cantilever. In this 
respect, the force variation Fexp{d) obtained by the integration of the averaged 
stiffness may deviate from the actual force variation.
If the tip is blunt, but comprises several asperities in different levels the range
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Figure 3.3: Side views of tip-sample system 
Snap-shots of the atomic structure of the tip approaching the sample, (a)-(b) 
correspond to the atomic configuration before and after the structural change 
denoted C\, takes place, (c)-(d) are the same for C2·
of force can be even longer than displayed in Fig. .3.2(c) and (d). On the other 
hand, Esn{s) and Fsr{s) of an atomically flat tip ( without asperity ) has 
relatively shorter range than those of sharp tip. This demonstrates the crucial 
effect of the deformation leading to atomic rearrangements. Since the jump 
to contact is avoided in the experiments by .Jarvis et. al,''° the discussion in 
this section may not be directl}^ related to Fexp{d). However, the pre.sent study 
demonstrates that the tip-induced deformation modify the range of the net tip 
force in spite of the short-ranged interatomic force. As a result, Fexp{s), as
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Figure 3.4: Esr and Fsr for the blunt tip 
Variation of the interaction energy Esr and the force Fsr with the displacement s 
calculated for a blunt tip. Inset shows the blunt tip before the contact!
well as Fsr{s) where the tip and sample atoms are allowed to relax, differ from 
FsR{d) ill Fig· 3.1; the range of the attractive Fexp{s) or Fsr{s) in Fig. 3.2(c) 
or 3.2(d) is extended.
3.3 van der Waals Interaction
The van cler Waals interaction occurs as a dipole-dipole interaction'^ ’^'^ ^^ even 
if two electrodes ( tip and sample ) are well-separated and become completely 
decoupled. The importance of the vdW interaction in STM and AFM was 
recognized earlier^®’ ®^’ '^^ ’ ®^ and it was argued that depending on the overall 
shape of the tip support the atom at the apex of the tip can experience strong 
repulsion even leading to irreversible deformation while atom further away from 
the apex experience an overall attraction. The measured force‘‘° that exhibits 
longer range has led us to examine the vdW interaction between the Si tip 
and Si sample. Since the relevant d in the experiment'*® is rather large, the 
asymptotic interaction expression for a polarizable surface and single atom can 
be used safely. In this case, the interaction energy Eyj,w given by summing 
— C tJ over the Si tip. Here, C is calculated from the Hamaker constant / 1, 
and is strongly dependent on the material of the tip and sample. In our study
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vve first focused on the determination of the Hamaker constant for the Si tip 
and Si sample, and then perform the calculation of the vdVV force between the 
tip and the sample. , '
The determination of the Hamaker constant might be easier if the van der 
VVaals interaction was additive. Then, only integration of the pair potential of 
the form —C/r^ was necessary. However, the additivity breaks down as the 
presence of any other atom changes the polarizability of a pair of atoms. The 
Lifshitz theor}^^  ^ redefines the Hamaker constant considering this complexity. 
The expression for the Hamaker constant can be calculated from the relation^®;
3/i ( e[ioj) — 1
A ~
Here e is the dielectric constant of Si. For the determination of the Hamaker 
constant by using the Eq. 2, the variation of the dielectric permitivity as 
a function of imaginary frequency has to be known. A model for e{uj) and 
c{ioj) for dielectric or nonconducting materials was introduced^® by using the 
assumption that oscillations of the charge density of these materials behave 
like a single oscillator with a main absorption frequency in the UV region. For 
conducting materials, the expression e(cu) = 1 — can be used, where
Up is the plasma frequency. Then, the dielectric permitivity for imaginary 
frequencies becomes e(zu>) =  1 +  cUp/w^ . Plasma oscillations in the valence 
band are considered to be source of the van der Waals interaction between 
silicon o b j e c t s .B y  using the plasma frequency of silicon'*  ^ approximately 
~  3.87 X we determined the Hamaker constant for the Si tip-sample
system ( A  ~  0.34 aJ ) from Eq. 3.2. Then the constant in the Lifshitz’s 
asymptotic expression is equal to p is the atomic density of Si.
Figure 3.5 illustrates the variation of the tip force generated by the 
vdVV interaction with the tip sample separation. A characteristic shape of 
a commercial Si tip is described in the inset, and F^dw is calculated for 
different tip-ends ( hemisphere, paraboloid and cone ) that are joined to the 
characteristic tip support. Two remarkable feature of the F^dw are i) It is rather 
long-ranged and attractive, ii) and depends strongly on the shape and size of 
the tip. For d ~ 25 A, while the short-range force generated by the overlap of 
the wave functions Fsr = 0, the force due to the vdW interaction is significant 
and hence 0.2 < Fydw < 0.7 nN. The measured tip force Fe^ p^ lies within these
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Figure 3.5: van der Waals force F^dw
van der VVaals force Fydw versus tip-sample separation d calculated for the tip apex 
shown int the inset.
limits. Since the shape and size of the tip-end used in the experiment cannot 
be determined, we cannot calculate the Fydw{d) precisely. Nevertheless, the 
present calculation for a Si tip and Si sample shows that the vdW interaction 
can be responsible for the long-range variation of the experimental tip force. 
We note that the asymptotic expression for Fydw diverges as d —> 0, and it 
may not be accurate for d <  10 A.
The ab-initio self-consistent pseudopotential calculations, atomic simula­
tions based on the classical molecular dynamic method and calculations of 
the van der Waals interaction yield number of interesting results which are 
important for a better understanding of the measured force by AFM. The range 
of the attractive force Fsr originating from the interaction of wave functions is 
calculated to be approximately 7-8 A. In the absence of deformation, this range 
is independent of the geometry of the tip. On the other hand, the maximum 
of Fsr is ~  3.9 nN, that is significantly larger than the maximum measured 
attractive force. Clearly, F$r Fgxp for d < 7 — 8 A, but max\FsR\ ^  
max\Fexp{d)\, so the calculated Fsr alone cannot explain the variation of the
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mecisurecl force at small d. The van der Waals interaction calculated for certain 
types of tip support and tip-end can yield force variation in agreement with the 
measured variation. It appears that Fexp{d) ~  FsR{d) -f Fydw{d) for d > 4 — 5 
A. Similar long-range behavior can be obtained if a charge transfer between 
the tip and sample or a polarization of charge due to electric field takes place. 
However, we presume that such a situation is ruled out in the experiment. 
The serious discrepancy between the maximum values of the calculated Fsr 
ai.id Fexp is, however, remained unanswered. We .do not provide a conclusive 
explanation why the maximum of the attractive force comes out so small in 
the experiment. It can be due to an effect that is not treated in the present 
study, perhaps related to the equipment measuring the stiffness.
Chapter 4
Contact, nanoindentation and 
sliding friction
The atomic scale investigation provided by STM and AFM have been the source 
of motivation for the recent studies of point contact and ncinoindentation, 
as well as the sliding friction. The relevant length scales in the contact 
or in the connective neck between the tip and the sample can be in the 
range of the Fermi wavelength Xp, whereby the ciuantum size effects become 
pronounced. Moreover, the discrete structure made from individual atoms 
dominates over the continuum description in this length scale. Any change 
in the atomic structure of a point contact can lead significant changes in 
its mechanical and electrical properties. The level spacings of transversally 
confined electrons can be as large as ~  1 eV. Therefore their quantization 
are expected to lead to discrete variations of various observables (such as 
conductance, surface energy, elastic stiffness. Young’s modulus etc) with the 
change of the confining size.‘‘  ^ Perhaps, even the change of diameter during 
deformation is affected with the quantization.'*^ As a matter of fact, the two- 
terminal conductance G have shown discrete variations as the contact grows 
by pushing'**^  (or as the connective neck reduces by pulling-off^°). Recently, the 
simultaneous measurement^*’·^  ^ of the conductance and force variations with 
the stretch of the connective neck have established that observed features are
34
Chapter 4. Contact, nanoinclentation and sliding friction 35
closely related to the discrete variation of the cross section A at the contact, 
as in fact proposed by the earlier theoretical s t u d i e s . T h e  detailed analysis 
of the contact formation and the atomic rearrangements are important not 
only lor understanding the contact resistance (R  =  l/G), but also for contact 
m echanics,w ear and tip-sample interaction effects in AFM.®®
The dry sliding friction between two metal surfaces, that are in direct 
contact through their asperities involve also many complex phenomena. 
While the relative motion of two commensurate surfaces can take place through 
the repeating stick-slip motion,®' the situation becomes complicated if the 
sliding surfaces are in c o m m e n s u r a te .O n  the other hand, the study of 
sliding friction between the Ir tip and the A u (lll)  surface did not reveal atomic 
scale stick-slip behavior, but found stronger friction during unloading then 
during loading with the identical values of the loading fo r c e .T h e  formation 
of the contact between an asperity and the substrate surface, and its evolution 
by the wear occurring in the sliding motion involve physical events that are 
common to the nanoindentation.
Earlier the tip-sample interaction effects have been studied to reveal the 
modification of electronic structure at the close proximity of the tip.^° The 
variation of the electronic potential, interaction energy, perpendicular and 
lateral force variations were calculated as a function of the tip-sample distance 
by using ab-initio, self-consistent field pseudopotential method within the local 
density a p p r o x i m a t i o n . I n  these studies not only a clear picture of 
the collapse of barrier and transition from tunneling to ballistic transport have 
been developed, but also the nature of short-range and long-range forces and 
their variations with the distance have been clarified. Furthermore, the two 
terminal conductance through a junction between a metal tip and sample were 
calculated as a function of the contact area / 1; the effect of material parameters 
were d i s c u s s e d . T h e  classical molecular dynamics (CMD) method with 
empirical potential were used to calculate the images of force in AFM,^ '^* to 
investigate atomic scale modifications at the close proximity of the tip and to 
simulate the formation of a connective neck.^ '^®®’®® In spite of the relatively 
shorter time scale in the simulation studies based on the CMD method, several 
important aspects of the contact were established.
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The emphasis of the present work is focused on the evolution of the atomic 
structure in the course of contact, indentation, pulling-off and sliding, and its 
effects on the normal (F^) and lateral (Fl) force variations. In particular, 
we examine the effects of various parameters (such as the shape of the tip, 
and its structure) on the formation of the contact and reveal new mechanisms 
in the junction growth. The first part of this chapter deals with the contact 
and indentation, subsequent pulling-off and sliding of a sharp Ni (111) tip 
on the relatively soft Cu(llO) substrate. In the second part, we study the 
indentation of a blunt Ni (001) tip on the Cu (001) surface. The tip considered 
here is relevant for AFM, as well as for the asperity in dry sliding friction. 
VVe use a state of the art CMD method and embedded atom potential'  ^ and 
provide a detailed cinalysis about how the atomic rearrangements occur and 
which structural features are retained under excessive strain. Embedded atom 
method had been proposed by Daw and Baskes'  ^ for calculating the energetics 
of metals. In this method, the energy of the metal is viewed as the energ^  ^
to embed an atom into the local electron density provided by the remaining 
atoms. Additionally, there is an electrostatic interaction between atoms. The 
cohesive energy in this method is expressed as
1
EcoH =  E  E> \ E  l>%Eii)] +  Ô  E (4.1)
h}
where F  is the embedding energy, p“ is the spherically averaged atomic density, 
and $ is the electrostatic two body interaction. The background density of 
each atom is determined the superposition of atomic density tails from the 
other atoms.
4.1 Sharp tip
The sharp tip (or asperity) is formed from ten N i(lll)  layers that has a single 
atom at the apex. The substrate has fourteen Cu(llO) atomic planes which are 
parallel, but incommensurate to the N i(lH ) planes. The atomic arrangement 
of the tip-sample system after the contact is shown in Fig. 4.1. The top 
two layers of the tip are robust; either they are lowered or raised in increments 
of !hz =  0.1 Â along the .r-direction by keeping the (.r, y)-positions of the
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Figure 4.1: The N i(lll )  tip and the Cu(llO) substrate 
Schematic description of the N i(lll) tip (or asperity) and the Cu(llO) substrate. 
The dark and light grey balls represent the Ni and Cu atoms, respectively. The 
N i(lll) and Cu(llO) atomic planes are parallel to the xy-plane. The long side of 
the (110) rectangle is parallel to the a;-axis.
atoms also fixed, or they are translated in increments of Ax =  0.05 A along 
the x-axis in the sliding. The bottom four layers of the substrate are fixed. 
Between two consecutive increments ( Ax or Az ) all the dynamic atoms of 
the asperity (120 atoms) and the substrate (1650) atoms are relaxed to attain 
their steady state positions for 3000 steps in pulling-off and in pushing (and 
for 500 steps in sliding). In each time step, A f =  10“ ®^ seconds the positions 
and the velocities of all dynamic atoms that move under the force generated 
from the interatomic potential are determined by solving Newton’s equations 
of motion. The temperature is kept fixed at 4 K by rescaling the velocities of all 
dynamic atoms at the end of each step. To ensure that the above systems are 
converged to steady state after each increments ( Ax or Ax ) we calculated the 
physical quantities, such as temperature, force, kinetic and potential energy 
in each relaxation step and traced their variation. We observed no significant 
variation of the above quantities except their natural fluctuations before the 
preset maximum number of relaxation is reached.
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d(A)
Figure 4 .2: The normal force in the case of indentation 
Variation of the normal force Fyv versus the downward displacement (or push) d. 
■hi -hi ■■■ indicate the features associated with sudden change in F^· The attractive 
and repulsive range of Fm are indicated.
4.1.1 Contact and indentation
The sharp tip is pushed when its separation from the Cu(llO) surface is 4 A. 
In Fig.4.2 we show the variation of the normal force Fm (along the z-direction) 
with the i:>ush ( or downwards displacement of the tip, d = Pdfhz, pd being the 
number of increments ).
The sign of the attractive force is taken negative. The atomic structure of 
the junction are illustrated in Fig. 4.3 for relevant stages of the contact and 
indentation. At large separation, TV ~  0 owing to the short-range nature of 
interaction forces; but it becomes attractive and increases with increasing d, 
passes through a minimum and then decreases. The interaction of the single 
Ni atom at the apex, that faces the substrate, dominates the force variation. 
In agreement with the ab-initio calculations^® F)v decreases because the apex 
of the Ni tip enters the repulsive range. The electronic contact, where the 
electronic structure and hence electronic charge density are modified owing to
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Figure 4.3: Side views during indentation 
Side views of the atomic structure for the N i(lll) tip (or asperity) and the Cu(llO) 
substrate are illustrated for various stages of the indentation. The tip is pushed from 
a distant separation towards the sample surface in increments of Az.  The downwards 
displacement of the tip is cZ = (a>), (b), (c), (d), (e), (f), (g) and (h) correspond
to d = 7.1, 7.2, 8.0, 8.7, 11.1, 11.5, 12.2, 12.9 A, respectively. The Ni and Cu atoms 
are shown by filled and empty circles, respectively.
the interaction between outermost Ni and Cu atoms, sets in for 1.3 A < d < 4 
A. For cl > 4 A, the effective potential barrier $e// collapses to allow the
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ballistic conductance. The first fall of F ·^ denoted by ./i corresponds to the 
jump of the ape.K Ni from its metastable position to the hollow (H) site. This 
situation indicates that a mechanical contact is established between the tip and 
the sample surface. At d =  4.3 Ä four Ni atoms (apex atom and three atoms 
in the second layer of the bare asperity) move to the H-sites of the substrate 
and become in registry with the Cu(llO) planes. The Ni atoms in the layer- 
following the contact occupy bridge sites and keep their hexagonal structure, 
but their registry with the adjacent Ni layers of the asperity is destroyed. 
The attractive, force decreases quasi-linearly with the increasing push in the 
region 4.3 A < d < 5.7 Ä. At d ~  5.8 Ä the atomic structure and the 
layers near the contact becomes disordered and eventually one layer of the 
Ni asperity disappears . This is a yield that causes to the sudden fall of Tjv 
labeled by J2· Between ./2 and J3, decreases again with d (or push), and 
displciys also a quasi-linear variation; the Cu atoms at the contact are gradually 
displaced from their original positions, and the atoms in the first layer lose their 
registry. This situation lasts until d =  7.2 Ä, where the area of the contact 
increases and the first Ni layer becomes in registry with the substrate. At 
the end, the attractive F^ increases suddenly. Further variation of TV is not 
regular (for d >  7.2 Ä), and attractive Fjv generally decreases with increasing 
d (or pd) if the number of layers does not change. On the other hand, the 
attractive Fjv increases if the two adjacent layers of the asperity merges into 
one Iciyer, or the number of asperity atoms at the contact increases or disordei-ed 
atomic structure becomes ordered. It is seen that for 0 < c/ < 10 Ä, Fjv(d) 
is generally in the attractive range; displays multiple (or seciuential) jump-to- 
contact phenomena in the attractive range. Tip atoms having relatively lower 
coordination can lower the total energy by moving to the substrate surface 
and forming a commensurate layer. The growth of the contact is easier for a 
sharp tip as in the present case. Moreover, while the repulsive forces act on the 
contact layer, the atoms in the layer above the contact become in the attractive 
range. Initially, the contact area A is relatively smaller; the resulting force 
becomes attractive. Beyond certain value of A ( i.e. contact involving 23 Ni 
and Cu atoms and thus d > 10 Ä) Fj\r{d) varies but always stays in the repulsive 
range. The elastic stiffness constants of the bulk Ni along [111] direction and 
that of the bulk Cu along [100] direction are (C n +  2Ci2 +  4C'4.i)/3  =  3.6nN/A^ 
and Cii =  l . l nN! ,  respectively. Both values are relatively larger than that
Chapter 4. Contact, nanoindentation and sliding friction 41
of the junction estimated from Fig. 4.2. This implies that the discrete nature 
of the junction and its atomic structure becomes crucial for the small contacts.
The atom exch a n ge ,in  which substrate atoms (Cu) raise to the contact 
interface (i.e first layer above the substrate surface) and to the layers above it 
while the Ni atoms of the asperity dip into the substrate, starts to occur at 
the beginning of the repulsive range and increases with the deformation of the 
substrate. This process contribute to the growth of A. The contact area grows 
discontinuously; in different stages of the contact and subsequent indentation 
the contact interface incorporates 1,4,8,13,15,18,23,... atoms. Interestingly, 
the growth of the contact in terms of new atoms brought into the interface, i.e 
/l,+i — Ai, does not present a regular pattern and involves more then one atom. 
The dissapearance of an asperity layer gives rise to a sudden change of the force, 
i.e. sudden increase (decrease) in the attractive (repulsive) range. However, 
not all the sudden changes of Fj\{d) are associated with the dissapearance of 
a layer. The evolution of the contact is illustrated by Fig. 4.4, where we note 
that the significant deformation of the interface starts to occur in the repulsive 
force range.
The simulation of indentation^^ in the Au(OOl) [ also Ni(OOl) ] sample 
produced by the blunt Ni(OOl) [ also Au(OOl) ] tip at Г  =  300° K revealed that 
the deformation occurs in the softer metal. In the present study the sequential ( 
multiple ) jump-to-contact phenomena and the deformation induced therefrom 
occur in the sharp tip even it is harder than the sample. As seen in Fig. 4.2, 
the multiple jump-to-contact phenomena yield an average attractive force in a 
rather long-range displacement of the sharp tip even though the deformed apex 
of the tip is under the action of the repulsive force. The puzzling results '® of 
the measurements of force between the S i(ll l)  tip and the S i(lll)  sample can 
be explained by the deformation of the sharp tip yielding the force variation 
similar to that in Fig. 4.2. In order to examine the variation of two-terminal 
conductance through a point contact created by Ir ( ll l )  tip, Todorov and 
Sutton'^® carried out atomic scale simulations of the indentation and found that 
the contact grows discontinuously. Present work provides a detailed analysis 
for the growth of the contact and its atomic structure.
Chapter 4. Contact, nanoindentation and sliding friction 42
(a)0000000000  ^
0000000000 
0000000000 
00000*00000 
0000000000 
0000000000 
oooooooooo  
0000000000
(b)oooooooooo  ^ ^
oooooooooo
oooooppooo
oooooppooo
oooooooooo
oooooooooo
oooooooooo
oooooooooo
(c)oooooooooo
oooooooooo
oooooooooo
OOOODOxJoOO
00000*0^*000
oooooooooo
oooooooooo
oooooooooo
id)oooooooooo
ooooppoooo
ooopppopoo
0 0 (^ ^ ^ )0 0
o o o o o iJgJo o o
oooooooooo
o o o o o o o o o o
oooooooooo
(e)oooooooooo
oooooooooo
oooopjioooo
oo%*dmoooOOOWlOOOOO
oooooooooo
oooooooooo
(f)oooooooooo
oooopopooo
oc^pppppoo
ooopv^.ppo
ooy#Vb«ooo
oo?^^*o*ooo
ooouoooooo
oooooooooo
Figure 4.4: Top views during contact and indentation 
Top views of the atomic structure at the interface of the contact are shown for various 
stages of contact and indentation. Substrate atoms in the surface and tip atoms in 
the contact interface are shown by large-grey and small dark circles, respectively. 
The panels (a), (b), (c), (e), and (f) correspond to d = 0.9, 5.2, 8.7, 9.2, 9.9, 11.5 A, 
respectively. The atom exchange are seen in the panels in (e) and (f).
4.1.2 Pulling-oif
At certain stage of the indentation we stop lowering the tip, and start to move 
it away from the substrate in the positive z-direction. This way the junction
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Figure 4.5: The normal force during pulling-off 
Variation of the tensile force F,v versus the upwards displacement or pull ·« 
(u = PuAz) in a connective neck formed by the puUing-off the sharp tip from an 
indentation. Ui, U2 ,---Ue are relevant features that are explained in the text.
formed by indentation is stretched and a connective neck is formed.
This neck becomes narrower with the stretch ( or pull u = Pufhz, being 
the number of increments ) and eventually is broken. VVe investigated the 
pulling-off the junction from two different stages of the indentation, described 
in subsection 4.1.2, i.e d =  10.1 A and d =  13.6 A. In the latter, A is relatively 
larger and the deformation at the junction is more pronounced. VVe first 
consider the former case, i.e small size indentation made by a sharp tip.
In Fig. 4.5 we show the variation of the tensile force Fr (^zi) with the stretch. 
Fig. 4.6 and 4.7 show side and top views of the atomic structure at the relevant 
stages of the stretch and reveal new and interesting features.
In agreement with the earlier studies®' “^®®’®® Fjv(ii) curve shows abrupt 
changes. However, in contrast to the earlier studies each of these changes are 
not associated with the creation of a new layer. Furthermore, these changes 
do not exhibit a regular structure with the stretch u. On the other hand, the 
completion of a new layer give rise to an abrupt decrease in Fi^{u). Before
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Figure 4.6: Side views during pulling-ofF 
Side view snapshots of the atomic structure for the relevant steps of pulling the Ni- 
tip from an indentation. The pulling-ofF starts from an indentation corresponding to 
d = 10.lA. The panels (a), (b), (c), (d), (e), (f) and (g) correspond to u = 0.7, 2.1, 
4.2, .5.6, 6.3, 7.7, 10.5 A, respectively.
the formation of a new layer the structure of the neck becomes disordered, 
and eventually a new layer is formed. This is the yielding of the neck. a\ s 
pointed out by earlier s t u d i e s , t h e  yielding and subsequent creation of 
a new layer is mediated by the disorder-order transformations in the nanowires
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Figure 4.7: Top and side views of the atomic structure during the formation 
of the connective neck.
(a) Atomic structure of the substrate surface and the contact interface. Circles with 
the sharp and clotted circumferences are Ni and Cu atoms, respectively. In the grey 
scale, the higher are the atoms, the lighter become their color, (b) The top view of 
atoms at the neck forming pentagon, quadrangle and single atoms between them, 
(c) Side view of the neck.
with cross section incorporating only a few atoms as in the present case. 
Between two consecutive yielding of the neck Fjv{u) increases linearly. That 
is attributed to the cpasi elastic straining of the neck. In the present Ccise, 
where T =  4° K and the initial junction is narrow (or A is small), disorder- 
order transformations are usually sudden, but require significant stretch; in 
the meantime, different intermediate situations (such as transformation of 
an incomplete layer or generation of interstitial atoms etc.) occur. At the 
beginning of the pulling of the junction, five dynamic layers of mainly Ni with 
some mixture of Cu atoms can be identified. For small u, F/v(n) varies linearly; 
dF[\ffdu is large and hence requires a strong force to induce the first structural 
change Ui. However, Ui displays an intermediate situation, and only after 
[J2 an additional layer is identified. Between Ui and N2, dFi^jOu is reduced, 
and continues to reduce in the following quasi elastic stages. The next new 
layer forms iit N3 and stays stable until N4, but transition from 7-layer to 8- 
layer structure is completed between N4 and N5. After Us, the junction has 
8 Ni layers above the substrate. Interestingly, the neck is formed from two 
pentagons (layers 4 and 5) and a quadrangle (6*^  layer). Single atoms located 
between these layers form a string passing through the centers of pentagons and 
quadrangle. This low-temperature intermediate structure that seems to form
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at high strain and small cross section® ’^®® has been revealed first by the present 
study for the tip retracting from an indentation. Implementation of a single 
atom between layers induces additional small structures in the force variation 
as if the mixture of elastic and yielding stages. As in the contact formation 
described in section II.A, the variation of F¡v{u) shortly before the break (tí > 7 
Á in Fig. 4.5 ) is similar to that calculated for a single atom contact by using 
SCF iDseudopotential method.^® The strongest attractive force in this range is 
~  IJmN  that is also in agreement with our earlier ab-initio calculations for 
single atom c o n t a c t . I n  the course of stretch of the neck the structure of 
the interface (that is in contact with the substrate surface) does not change 
significantly and stays in registry with the Cu(llO) structure. Moreover, the 
layers of the Ni-pyramid that stayed on the substrate after the break, becomes 
also pseudomorphically commensurate with the Cu(llO) structure. As for 
the Ni-asperity that remains after the break of the neck, a few layers keep 
their hexagonal structure commensurate with the N i(lll )  plane, except the 
pentagonal structure maintained at the bottom of the asperity.
Pulling from a higher level of indentation [d =  13.6 Á in section II. A) starts 
from a junction that has relatively larger A and more pronounced deformation, 
and displays similar features with following differences. In the latter the tensile 
force at the initial stage of stretch reach to higher level (Fjv ~  14niV) owing 
to relatively larger contact area, but the amount of stretch achieved until the 
break is relatively smaller. In contrast to the previous pulling-off from the low 
level of indentation (i.e d =  10.1 A), the Ni-pyramid stayed on the substrate is 
relatively large while the Ni asperity becomes relatively smaller.
4.1.3 Sliding friction
To investigate the friction and wear of a single metal asperity on an 
incommensurate metal surface we used the same system that was considered 
in section II.A and II.B. The asperity is first pushed to the Cu(llO) surface 
along the s:-direction and then is slit along the a;-direction under the constant 
loading force F;v =  2.64 nN distributed on the top plane of the asperity. The 
displacement of the asperity after ps increments is s = psAx. The temperature
Chapter 4. Contact, nanoindentation and sliding friction 47
is kept fixed at 4 K.
Upon the formation of steady state contact between the Ni asperity and 
the Cu surface the energy of the whole system is lowered by ~  22 eV. The 
energy lowering originates mainly from the adhesive interaction. The atomic 
rearrangements during the development of the junction between the Ni asperity 
and substrate prior to sliding follows the similar events described in section II. 
A. The aspects which are relevant for the sliding are briefly summarized. Once 
the contact is established, the layer structure of the pyramid remains, but 
single atom at the apex and the subsequent layer disappears leaving only eight 
Ni layers including the contact layer (interface) at the surface of the substrate 
(as described in Fig. 4.1). While some Ni atoms substitute Cu atoms at the 
contact, some of them are accumulated behind the asperity. On the other 
hand, some Cu atoms migrate into the Ni asperity. The Cu(llO) surface at 
the contact region can be viewed as a Cu-Ni alloy with the lattice structure 
of the Cu(llO) surface. In spite of the fact that the cohesive energy of Ni 
~  30% higher than that of Cu crystal, two layers of the Ni pyramid which 
are adjacent to the Cu(llO) surface have changed from the N i(lll )  lattice 
structure and become matched the Cu(llO) substrate. The distance between 
these layers comply with that of the Cu(llO) planes. This is perhaps due to 
the lower coordination numbers of the Ni atoms near the apex. The remaining 
top five layers of Ni asperity keep their original N i(lll )  lattice structure.
The sliding starts after the atomic configuration of the contact reached the 
steady-state condition; the asperity is translated by the increments of fhx. The 
variation of the lateral force Fn with the displacement s is shown in Fig.4.8.
By definition, the sign of Fl {s) resisting to the sliding is taken negative. 
We note the following interesting features: i) The abrupt changes of the Fi{s) 
curve display a quasiperiodic variation with a period of approximately 3.5 A. 
Two features of different characters (labeled T and M ) occur consecutively in 
each period; these are noticed by the fact that Fl {s) decreases and changes 
sign with the displacement of the asperity, ii) Between two consecutive features 
(from Tn to iV/„ or from Mn to T„+i) Fl{s) first decreases ( where F’h > 0 ) and 
then increases ( where Fl < 0 ) with displacement s; it displays a quasielastic 
behavior, iii) The work done against Fl(s) over a period from 'I'n to Tn+i,
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Figure 4.8: Variation of the lateral force with the sliding s of the N i(lll )  
asperity on the Cu(llO) surface.
The average lateral force ( or friction force) is shown by dashed line. and Mn 
indicates different type structural transformation in the period. Fl (s) opposing 
to the motion of the asperity is taken negative.
T.'i.e — f^L{^)ds, increases from period to period. This deviation from the
Amonton’s law is explained by the growth of the junction. The variation 
of lateral force showing the elastic (or linear) region followed by an abrupt 
decrease, is a peculiarity of the stick-slip process in dry sliding friction, that 
occurred in certain ideal conditions so far. It is of particular interest since the 
sliding of a metal asperity on an incommensurate metal surface is shown to 
give rise to a stick-slip behavior. Since the asperity forms a finite size contact 
with ordered structure, the occurance of a quasi-periodic stick-slip behavior 
cannot be explained by the sharpness of the asperity. It is rather due to 
the fact that the cubic lattice parameters of Ni and Cu vary within ~  %2.5 
(ayvi =  3.52Â and acu — 3.61Â). Moreover all edges of the (111) unit cell has 
the same length as the shorter edge of the (110) unit cell (a /v^ ). Under these 
circumstances, the sliding of a Ni asperity follows a special path on the Born- 
Oppenheimer surface that passes through certain structural phases exphiined 
below. However, we expect that the stick-slip behavior in Fig. 4.8 can be 
washed out if the sliding involves multiple asperity. Very large contacts (that 
is unusual for an asperity) can give rise to misfit dislocation.
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F ig u r e  4 .9 ; Side views du ring  s tru c tu ra l tran sfo rm a tio n  
Side view of atom ic structure calculated for the N i( l l l )  asperity (dark grey circles) 
sliding on the C u(llO ) surface (light grey circles). Panels (a) and (b) are before 
and after the s truc tu ra l transform ation Ti; Panel (c) and (d) are before and after 
the structu ra l transform ation Mi- Only part of the substrate  is shown. Panel 
(e) shows the .Tj/-projection of the atoms in the Ni layer experiencing a structural 
transform ation. Light grey circles correspond to the fifth N i( l l l )  layer from the top 
before Ti; after Ti this layer is changed to the N i(llO ) th a t is com m ensurate to the 
Cu( llO ) as shown by the dark circles with dotted circumference. Panel (f) shows the 
two N i(llO ) layers corresponding to the situation in (c) before the transform ation 
Ml- These two layers merged into one N i( l l l )  layer in panel (g) as described by the 
side view (d) after iV/j.
S napsho ts  of side views and  .ry -pro jections of the  a tom s in the  layers w here 
th e  slid ing takes p lace are show n in Fig. 4.9, only for T\ and Mi features. 
Fig. 4 .9(a) d ep ic ts  a tom ic  configura tion  essen tia lly  before 2\, b u t a fte r th e
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o n se t of co n tac t. As a resu lt of sliding, th e  top  four p lanes are d isp laced  cilong 
th e  rr-d irection  and  also sligh tly  low ered. T h is  changed  the  reg is try  betw een 
th e  fo u rth  and  fifth N i ( l l l )  layers from  th e  top; th e  energy of th e  sy stem  is 
ra ised  and  p e rh ap s  exceeded th a t  of an o th e r s tru c tu re . E ven tually , as shown 
in Fig. 4 .9 (b ), th e  fifth  layer from  the  top , w hich was in itia lly  co m m en su ra te  
w ith  the  N i ( l l l )  layers, undergoes a s tru c tu ra l tra .nsform ation  and  becom es 
m a tch ed  th e  low er Ni layer th a t  was a lready  changed  to the  la ttic e  s tru c tu re  
of th e  C u (llO ) p lane. T h e  xy p ro jec tio n  of a tom s in  th is  p a r tic u la r  layer th a t 
changed  its  la ttic e  s tru c tu re  th ro u g h  Tj is show n in Fig. 4.9(e) before and 
a f te r  the  tran sfo rm a tio n . O ne row of Ni a tom s m oved sidew ays, th e  n e x t w ent 
ah ea d  and  th ird  one m erged  to  th e  lower layers. D uring  th is in com m ensu ra te - 
co m m en su ra te  s tru c tu ra l tran sfo rm a tio n , w hile p a r t  of the  s to red  energy is 
kei:)t in th e  new  phase, th e  re s t of it is released  in th e  n o n ad iab a tic  tran s itio n  
an d  d iss ip a ted  p e rh ap s  by ex c itin g  n o nequ ilib rium  phonons. T h e  am o u n t of 
energy  d iss ip a ted  in th is tra n s itio n  is ca lcu la ted  ~  3 eV. T he force Fl {s), which 
was in itia lly  res is ting  the  slid ing, is lowered sudden ly  during  th e  tran s itio n  
a n d  changed its  d irec tion . T h e  above varia tion  of ^ ¿ ( s )  is rem in iscen t of the  
stick-slip  m o tio n , b u t the  rea rran g e m en t of th e  a to m s leading to  an  ordered  
s tru c tu ra l  tra n s itio n  is ra th e r  unexpec ted . A fter th e  tran s itio n  2\, |F/,(.s)| 
increases quasi-linearly  w ith  th e  d isp lacem en t of th e  asperity . O nce th e  asperity  
m oves a p p ro x im a te ly  2 A, or by the  heigh t of th e  2D hexagonal u n it cell 
of th e  N i ( l l l )  p lanes, th e  s tick  behav ior ends and  the  slip s ta r ts  w ith  the  
second s tru c tu ra l tra n s itio n  Mi. T h e  side views of th e  a tom s before and  afte r 
th e  tra n s itio n  Mi are shown in Fig. 4 .9 (c)-(d ); those corresponding  to xy- 
p ro jec tio n s  a re  p resen te d  in Fig. 4 .9(f) and  (g). Tw o asperity  layers b o th  were 
c o m m e n su ra te  w ith  th e  C u (llO ) p lane  (i.e. one p roduced  by th e  tra n s itio n  Ti 
as exp la ined  above and  the  N i(llO ) layer below it) m erge in to  a single (111) 
layer of Ni. T h e  triin s ition  s ta r ts  in front of the  Ni a sp erity  and  ends a t its  back, 
an d  |F'/A.ii)| decreases ab rup tly . N o te  th a t  upon th is  la t te r  s tru c tu ra l tran s itio n , 
one layer of a sp e rity  d isappears  and  hence th e  slip ends w ith  a w ear. D uring 
th e  stick  s tage  from  Ti u n til th e  onset of Mi th e  energy  of m otion  is converted  
in to  th e  p o te n tia l energy and is s to red  as th e  s tra in  energy of A F ,  ~  2.8 eV. 
W hile  p a r t of AF'., is kep t in th e  new  phase on th e  B o rn -O ppenheim er surface 
as a  resu lt of th e  s tru c tu ra l tra n s itio n  labeled by Mi, th e  m a jo r p a r t, AF',/ ~  2 
eV , is how ever released  to g en e ra te  local n o nequ ilib rium  phonons and  hence is
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d iss ip a ted  in th e  w hole sy stem . A fter iV/j, Fl (s) increases again  linearly  w ith  
•s; sam e even ts re p e a t lead ing  to  tran s itio n s  T2 and  M2. A t each period , th e  
a sp e rity  loses one layer, so its  co n tac t a rea  w ith  th e  C u (llO ) surfcice fu rth e r 
increases.
T h e  in c o m m en su ra te -co m m en su ra te  s tru c tu ra l tran s itio n  il lu s tra te d  in Fig. 
4.9 have in te re s tin g  featu res. T h e  tran s itio n  occurs in a sho rt tim e  in terval; 
s ta r t in g  from  one o rdered  2D s tru c tu re  it ends up  in a different o rdered  atom ic 
s tru c tu re . In th e  course of these  tran s itio n s , th e  energy of th e  sy stem  m akes 
a su d d en  change. T hese fea tu res  suggest th a t  each s tru c tu ra l tra n s itio n  is 
assoc ia ted  w ith  a  first o rder phase  tran s itio n  and  corresponds to  local m in im um  
in th e  B o rn -O p p en h e im er surface. T h is  conclusion is s tren g th en  by th e  analysis 
of th e  s tru c tu re  f a c t o r , S(q).
In closing th is  p a r t we co m m en t on th e  following poin ts: i) T h e  ju n c tio n  
be tw een  th e  a sp e rity  and  th e  Cu surface is grow ing w ith  sliding. T h e  cross 
sec tio n  of th e  co n tac t A is in th e  range of ~  ttA^, w here the  e lec tron ic  s ta tes  
a re  q u an tized  in th e  ;cy-plane w ith  a  level spacing  10^°K. T h e  n u m b er of 
c o n ta c t s ta te s  th a t  dip below th e  F erm i level, Ep depends strong ly  on /1 and 
its  shape , and  th e  conduction  channels derived therefrom  are in te rm ix ed  owing 
to  th e  tu n n e lin g  an d  s c a t t e r i n g . T h e r e f o r e ,  th e  ballistic  co n d u ctan ce  of the  
c o n ta c t, G'(.s) can n o t y ie ld  sh a rp  q u an tized  step  s tru c tu re  even if th e  con tac t 
w ould evolve ad iab a tica lly  w ith  sliding. However, G (s) is expec ted  to show 
a b ru p t ju m p s only  due to  th e  d iscon tinuous g row th  of th e  ju n c tio n  th ro u g h  the  
T — an d  M —ty p e  phase  tra n s itio n s  in th e  course of sliding. By m easu ring  Fl{s) 
an d  G(s) s im u ltaneously  in th e  course of sliding one can p rovide ad d itio n a l 
in fo rm a tio n  a b o u t th e  co n tac t, ii) As th e  sliding continues, a c lu ste r of atom s 
grow s a t th e  co n tac t beh ind  th e  asperity . T h e  atom s of th is c lu ste r are not 
usually  in d iso rdered  s ta te , h i) T h e  sliding occurs a t the  in terface  betw een 
N i ( H l )  p lane  an d  N i(llO ) p lane  m a tch ed  to th e  C u (llO ) p lane, since the  
re la tiv e  m otion  betw een th e  (111) p lanes requires re la tive ly  lesser energy, iv) 
T h e  average fric tion  force Fn is ca lcu la ted  for 0 < s < l l Â  to  be -2.06 nN. 
v) F inally , we n o te  th a t  th e  usual stick-slip  behav ior was also o b ta in ed  in the 
ea rlie r  s im u la tio n  of th e  S i ( l l l )  tip  slid ing on th e  S i ( l l l )  s u r f a c e .H e r e ,  the 
slid ing  leads to  w ear and  two stick-slip  s tage in each period  are associated  w ith
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clifFerent s tru c tu ra l  tran s ib rin a tio n s . T h e  m echan ism  of w ear and  accum ula tion  
of m a te ria l b eh in d  the  tip  are  also new  resu lts  revea led  from  the  p resen t study.
4.2 Blunt tip
T h e  b lu n t tip  is co n s tru c ted  from  a h em isphere  com prising  1580 Ni a tom s, 
w hich are a rran g ed  in itia lly  in  14 Ni(OOl) p lanes. T h e  dynam ic  a to m s are in 
th e  first 9 layers from  th e  b o tto m ; th e  rem ain ing  5 Ni(OOl) layers a t  the  top 
a re  robust. T h e  b o tto m  of th e  h em isphere  is flat an d  the  lowest Ni(OOl) layer 
includes 24 Ni a tom s facing th e  surface of th e  su b s tra te . T h e  su b s tra te  by 
itse lf  is m ad e  from  10 Cu(OOl) p lanes; each p lan e  inc luding  200 Cu atom s, 
a lto g e th e r 2000 Cu atom s. T h e  la st (b o tto m ) th re e  Cu(OOl) layers a re  robust. 
T h e  Ni(OOl) p lanes as well as th e  Cu(OOl) p lanes are  para lle l to  th e  .ry-plane. 
T h e  p resen t case is d ifferent from  th a t  of th e  sh a rp  tip , since th e  Ni(OOl) planes 
a re  pseudom orph ic  to  the  Cu(OOl) p lanes. T h e  low est p a r t  of th e  tip  being flat, 
th e  Ni and  C u a tom s have s im ila r coo rd ina tion  n um bers  and  the  hem isphere  
e.xerts s trong  forces on th e  s u b s tra te  and  can su sta in  s trong  forces w ithou t 
sign ificant d e fo rm ation .
4.2.1 Contact and indentation
T h e  Ni h em isp h ere  (w ith  flat b o tto m ) is low ered by increm en ts of A z  =  0.1 
A; betw een tw o consecutive inc rem en ts  all th e  d y n am ic  atom s ( in the  Ni 
h em isphere  and  in the  su b s tra te )  are  relaxed  for 500 tim e steps. W hen the 
sep a ra tio n  betw een  th e  low est la}'^er of th e  Ni hem isphere  and th e  Cu surface is 
in th e  range of th e  cubic la ttic e  p a ra m e te rs  a ( ~  3.5 A), a significant a t tra c tiv e  
(adhesion) force is genera ted ; th a t  causes, in p a r tic u la r  th e  Cu atom s facing the  
Ni hem isphere  to  ju m p  to  c o n tac t. It can be u n d ers to o d  by th e  fact th a t  the  
e lastic  stiffness co n stan t C\i of th e  Cu and  Ni c ry sta ls  are  1.8 and  2.6 nN/A' .^ 
T h e  ju m p  to  co n tac t is clearly  seen in Fig. 4 .10(a), in w hich TV a tta in e d  ~  25 
nN  w ith in  a sm all d isp lacem en t d.
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F ig u r e  4 .1 0 : B lu n t tip
(a) Variation of the perpendicular force with the displacement of the Ni hemisphere 
m aking a contact and then indentation on the Cu surface, (b) Side views of the 
atom s during indentation under the repulsive perpendicular force = 24 niNf. 
(c) Side view of atom s in a cut-plane bisecting the junction corresponding to F/v 
relatively larger than  in (b). Note the slip planes.
Subsecpient to  th e  ju m p  to  con tac t Fjm decreases in the  a t tra c tiv e  range 
w ith  inc reasing  d. M u ltip le  ju m p  to co n tac ts  of th e  sharp  tip  in Fig. 4.2 do 
n o t occur in  th e  p resen t s itu a tio n . W hile th e  Ni a tom s form ing th e  con tac t 
w ith  th e  s u b s tra te  en ters  g rad u a lly  to  the  repu lsive  range, th e  Ni a tom s sligh tly  
above th e  co n tac t are s till in th e  a ttra c tiv e  range. In th e  repulsive range, th e  
s u b s tra te  a to m s under th e  co n tac t is low ered w hile surface a tom s around  th e  
co n tac t ra ised  u n d er the  a t tra c tiv e  in te rac tio n  w ith  th e  Ni a tom s. T h e  m assive 
d e fo rm a tio n  a t th e  close p ro x im ity  of th e  co n tac t occurs in the  repulsive range, 
an d  it involves th e  s u b s tra te  a tom s under th e  con tac t a rea  as seen in Fig. 
4 .10(b). In  th e  hem isphere , cill th e  Ni a tom s excep t those near the  cen ter 
a re  d isp laced . T h e  p la s tic  deform ations a re  induced  by d islocations in the  
h em isp h ere  and  by slips b o th  in the  hem isphere  and  in the  su b s tra te . Fig. 
4.10(c) il lu s tra te s  th e  fo rm atio n  of slip p lanes. W e no te  th a t F;v(d) is piecewise 
linear in th e  in terval 2 < d < 7 k. T h e  y ie ld ing  occurs for d 7 A; the  Ni 
layers a re  deform ed  as a  re su lt of com pressive s tra in , and  even tually  becom e 
d iso rdered . Subsequen tly , th e  layer s tru c tu re  is recovered, b u t one la.yer of th e  
h em isp h ere  d isappears and  th e  con tac t a rea  increases. In the  m ean tim e, th e  
Cu and  Ni a to m s s ta r t  to  m ix  in the  in terface.
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4.2.2 Sliding
T h e  slid ing  of th e  b lun t Ni tip  described  in section  4.2 on the  Cu(OOl) surface 
is in v estig a ted  under the  loading  force T’/v =  9.1 nN  and  Fj\r =  12.9 nN . T h e  
low est a to m ic  p lane of the  b lu n t tip , th a t includes 24 Ni a tom s, is in itia lly  in 
co n ta c t w ith  th e  Cu(OOl) surface. T h e  in te rface  c rea ted  by th ese  a tom s are 
r a th e r  large and  flat. T herefore  th e  slid ing fric tion  is expec ted  to  be different 
from  the  fric tion  of ar sharp  tip , tre a te d  in subsection  4.1.3.
T hese  two surfaces, i.e th e  Ni(OOl) and  Cu(OOl), are pseudom orph ic , b u t 
th e ir  e lastic  p a ram e te rs  and  b ind ing  energies are  different. In th is  respect, 
th e  re la tiv e  m o tio n  of these two surfaces an d  resu lting  fric tion  m ay  involve 
in te re s tin g  featu res. H ere th e  d iagonal of th e  p rim itiv e  square  u n it cell is 
ta k e n  p ara lle l to  the  a;-direction.
In Fig. 4 .11(a) we show th e  varia tio n  of th e  la te ra l force u n d er th e  constan t 
n o rm al load ing  force, TV =  9.1 nN . T h e  v aria tion  of th e  no rm al reac tio n  force 
th a t  is ca lcu la ted  in the  course of sim u la tions is p resen ted  by th e  inset. It 
d em o n stra te s  th a t  th e  opera tio n  u n d er th e  co n stan t loading force m ode is well 
s im u la ted . F ig. 4 .11(b), (c) and  (d )-(e) show th e  a tom ic  s tru c tu re  before and 
a f te r  th e  slip for different loading  forces. W e no te  th a t in Fig. 4 .11(a) the  
ra tio  of the  s ta t ic  friction  force Fß  and  average k ine tic  fric tion  force, Fj, i.e 
F lIF f  ^  2. In th e  low loading (i.e TV =  9.1 nN ) case th e  Ni surface is in itia lly  
s tu ck  on th e  Cu surface; w hole Ni hem isphere  and  the  Cu surface are  sheared 
an d  line d islocations are g en era ted  on th e  su b s tra te  surface below th e  con tac t 
in te rface  u n til th e  slip sets in. D uring  slip th e  a to m ic  s tru c tu re  a t the  con tact 
becom es d isordered , som e Cu and  Ni a tom s are  exchanged and  th e  hem isphere  
is d isp laced  along the  [110] d irec tion . E v en tua lly  th e  regu lar s tru c tu re  a t the  
c o n ta c t is recovered upon th e  ju m p  of th e  Ni a tom s a t the  in terface to  the ir 
new  positions. T hese events take  p lace in a  sho rt in terval, an d  the  la te ra l 
force Fl decreases by ~  15 nN. As the  slid ing  continues following th e  slip the  
h em isp h ere  and  the  su b s tra te  a t th e  ju n c tio n  are sheared  again  in th e  new 
stick  stage s ta r te d  a t T. W hile in th e  fron t of th e  hem isphere  th e  ju n c tio n  
becom es d isordered  and  m ore a tom s are  exchanged, in th e  back th e  slips occur 
on th e  N i ( l l l )  planes. A t th e  end , th e  quasi-linear increase of th e  la te ra l force
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F i g u r e  4 .1 1 ; T h e  Ni hem isphere  slid ing  on th e  Cu surface 
(a) Lateral force Fn versus the lateral displacement s calculated for the Ni hemisphere 
sliding on the Cu(OOl) surface under the loading force, F/v =  9.1 nN. The inset shows 
th a t the loading force does not vary significantly. Ff, is the lateral force before the 
first slip stage begins. T indicates the point where the first slip ends and the second 
stick stage s ta rts , (b) and (c) shows the side view of atomic structure in the stick 
stages before and after a slip taking place under the loading force, F v  =  9.1 nN. 
Ni and Cu atom s are shown by filled and em pty circles, (d) and (f) are stick stages 
before and after a slip taking place under a larger loading force, Fyv =  12.9 nN. Ni 
and Cu atom s are shown by filled and em pty circles.
F^(.s) stops w ith  the  s ta r t  of th e  slip stage; it decreases sudden ly  w hile the  Ni 
a to m s a t th e  co n tac t ju m p  to  th e  nex t position , by m oving along th e  [lIO] 
d irec tio n . For large F/v, th e  genera tion  of d islocation  and  slip planes in the  
hem isphere  becom e p ronounced  in th e  slid ing  m otion; th is way the  stick-slip
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m o tio n  becom es less regu lar.
W e p resen ted  th e  de ta iled  analysis of con tac t fo rm ation , in d e n ta tio n , 
su b seq u en t pu lling  and  d ry  slid ing fric tion  of th e  Ni tip  on th e  re la tive ly  
soft C u surface. W e in v estig a ted  th e  effect of tip  geom etry  (sh a rp  or b lu n t) , 
c ry s ta l s tru c tu re  of th e  tip  and  sam ple, and  discovered th e  follow ing im p o rta n t 
fea tu res: i) U pon th e  onset of th e  co n tac t of a  sharp  tip  th e  m u ltip le  ju m p  
to co n tac t events can occur in th e  a t tra c t iv e  regim e of th e  n o rm al force. T he  
Ni layers (or a tom s) near th e  apex  engage in  th e  ju m p  to  co n tac t phen o m en a  
even  though  th e  e lastic  stiffness co n stan ts  of Ni are  la rger th a n  those of Cu. 
A lread y  w ith  th e  onset of th e  co n tac t, a to m s from  the  lower p lanes of th e  
a sp e rity  becom e m a tch ed  to th e  su b s tra te  la ttic e  s tru c tu re . T h e  s itu a tio n  is 
reversed  if th e  tip  is b lu n t w ith  large a rea  of con tac t. In  th is case, m a in ly  the  Cu 
a to m s on th e  surface ju m p  to con tac t in  a  single event, ii) In d e n ta tio n  proceeds 
in th e  repu lsive force range. For a  sh arp  tip  th e  p e rp en d icu la r force displays 
q u as ilin ea r varia tions followed by a sudden  decrease caused by d isap p ea ran ce  
of a  layer, or o th e r s tru c tu ra l changes. T h e  ju n c tio n  grows d iscon tinuously  and  
in  genera l sudden ly  by th e  im p lem en ta tio n  of th e  new  atom s to  th e  in terface. 
H ow ever, th e  n u m b er of a tom s th a t  are b rough t to co n tac t is different for 
each  g row th  event. It is in te re s tin g  to  explore w h eth er th e  g row th  of th e  
c o n ta c t in te rm s of these new  atom s is co rre la ted  w ith  th e  e lec tron ic  co n tac t 
s ta te s  d ipp ing  in to  th e  Ferm i level. Such effects were exp lo red  earlier by 
2D m e t a l s . I n  th e  in d e n ta tio n  of the  flat tip  th e  sudden  force varia tions 
( o r y ields) a re  no t so frequen t and  occurs m ain ly  th rough  th e  slips on th e  
a to m ic  p lanes, iii) T h e  a to m  exchange, in  w hich the  su b s tra te  and  th e  asp erity  
a to m s change th e ir  positions occurs in th e  repu lsive force range an d  increases 
w ith  increasing  defo rm ation , iv) Pulling-off from  an in d e n ta tio n  occurs in th e  
a t tra c t iv e  (tensile) range of th e  p e rp en d icu la r force. T he connective neck first 
fo rm s th ro u g h  in te re s tin g  a to m ic  rea rran g em en ts  and  th en  is b roken  leaving 
a Ni p y ram id a l asp erity  on th e  Cu surface, th a t  is la ttice  m a tc h e d  to th e  
s u b s tra te , v) D uring  the  pulling-off, th e  tensile  force exh ib its  a b ru p t changes. 
H ow ever, each of these changes are  no t associa ted  w ith  th e  c rea tio n  of a new 
layer. Som etim es, a  single a to m  im p lem en ted  betw een two ad jacen t layers 
induces ad d itio n a l s tru c tu re s  in  force varia tion , vi) In th e  d ry  slid ing  of a  
sh a rp  N i ( l l l )  tip  (or asp erity ) on the  Cu surface under co n stan t load ing  force
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th e  la te ra l force ex h ib its  quasi period ic  v aria tion  ; each period  consists of two 
d ifferen t s tick -slip  process involving s tru c tu ra l phase tran s itio n s . W hile one 
layer of a sp e rity  changes an d  m atches  th e  su b s tra te  la ttice  in th e  first slip, 
tw o asp e rity  layers m erge in to  a  one th ro u g h  s tru c tu ra l tra n s itio n  du ring  th e  
second  slip . T h is  leads to  wear. W hile th e  re la tive  m otion  occurs betw een 
th e  reg u la r p lan e  and  th e  su b s tra te  m a tch ed  p lane of th e  asperity , th e  s tra in  
energy  is s to re d  a t th e  in terface, vii) T h e  slid ing  of a  flat Ni(OOl) surface on 
th e  Cu(OOl) surface depends, on th e  loading force. In th e  low load ing  Cci.s_e, the  
la te ra l force d isp lays cpiasi-linear varia tion  in th e  stick-stage th a t  is followed by 
th e  su d d en  decrease in th e  slip stage. For la rge loading, th e  s tick -slip  m otion  
is less regu lar.
Chapter 5
A theoretical study of 
boundary lubrication
R ecen t p rogress in th e  a to m ic  force m icroscopy (A FM ) has mcicle th e  precise 
an d  a to m ic  scale force m easu rem en ts  possib le. T he valuab le  d a ta  gained  
from  these  m e asu rem en ts  have been com bined  w ith  th e  ex tensive  a tom ic  
sim ulations^^“^“' ’®^ ’®^ ’™’'^’''^  and  ab-initio force calculations^® to  in v estiga te  th e  
fric tio n  on th e  a to m ic  scale. T h e  boun d ary  lub rica tio n  th a t  involves lu b rican t 
a to m s or m olecules betw een surfaces in re la tiv e  m o tion  becom es even m ore 
com plex . T h e  coverage of th e  lu b rican t can vary from  subm ono layer to  a  few 
layers, i.e 0 <  0  <  n , and  p reven ts  th e  m oving  ob jec ts  from  d irec t con tac t. 
M oreover, som e lu b rican t a tom s or m olecules shield th e  in te ra c tio n  betw een 
slid ing  surfaces and  w eaken the  co rrugation  of the  adhesive energy. T hese 
effects a re  com bined  to reduce  th e  fric tion  coefficient. Бог a  given type  of 
lu b rican t, th e  fric tion  coefficient depends m ain ly  on th e  coverage 0 ,  velocity  
of re la tiv e  m o tio n  v, norm al force d is tr ib u tio n  F/v. E x p erim en ts  perfo rm ed  
by using su rface force apparatus®  showed different regim es (i.e. stick-slip  and  
s te a d y  slid ing  m o tion  ) depend ing  on th e  velocity  v of th e  m oving  object.^ '' By 
increasing  v over the  critica l velocity  th e  stick-slip  m o tion  is tran sfo rm ed  in to  
s te a d y -s ta te  sliding.
T h e  lu b rican t being an a to m  or m olecule is a critica l in g red ien t in th e
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b o u n d a ry  lu b rica tio n . An efficient lu b rican t is expec ted  to  screen  th e  strong- 
in te ra c tio n  betw een  th e  a tom s of the  surfaces in re la tive  m otion . If these were 
b a re  m e ta l su rfaces th e  in te ra to m ic  in te ra c tio n  would be very strong . For 
ex am p le  th e  adhesive energy for a m e ta l a to m  betw een two m e ta l surfaces is 
~  1-3 eV  an d  the  m iix im um  a ttra c tiv e  force ~  1 - 2 nN. U nder this strong- 
in te ra c tio n  tw o surfaces no rm ally  stick  to  each  o th e r if they  are clean and  
a to m ica lly  flat. C e rta in  a tom s or m olecules ( for exam ple  the  inert-gas a tom s 
) reduce  this, h ite rac tio n . If b o th  surfaces are  covered by lu b rican t such as X e 
a to m s for 0  ~  2, th e  re la tiv e  m otion  takes p lace betw een lu b rican t surfaces 
w here th e  in te ra to m ic  in te rac tio n  is s ign ifican tly  weak. For 0  ~  2 — 3 the s ta te  
of th e  lu b ric a n t betw een  th e  surfaces is c rucial. S tru c tu ra l phase tran sitio n s , or 
in c e rta in  cond itions th e  chao tic  behavior of lu b rican t layer du rin g  the  re la tive  
m o tio n  of th e  su rfaces, and  th e  effects of th e  o th e r  p a ram e te rs  such as v, Fyv, th e  
a re a  of co n tac t /1, in th e  re la tive  m otion  are  of in te rest. T he lu b rican t a tom s 
m ov ing  on th e  m e ta l surfaces can excite  e lec tron -ho le  pairs and  phonons w hich 
d iss ip a te  m echan ica l energy  of th e  m o tion  in to  hea t.
T h e  a to m ic  configu ra tion  of the  lu b ric a n t a tom s betw een th e  m oving 
surfaces is essen tia l for th e  investiga tion  of th e  boun d ary  lub rica tion . W hile 
th is  reg ion  is no t d irec tly  p robed , im p o rta n t in fo rm ation  can be o b ta ined  from  
th e  a to m ic  s im u la tions. In th is  work, we perfo rm ed  atom ic  sim ula tions of X e 
a to m s w ith  0  <  1 w hich p lay  th e  role of lu b ric a n t betw een two N i(llO ) slabs 
in  re la tiv e  m otion . We investiga te  two cases for different coverages 0 >  0  >  1. 
In  th e  first one, th e  Ni slab  is pressed tow ards the  one o the r in the  vertical 
d irec tio n  u n til Fu becom es very large w ith o u t any re la tive  m otion . T his way, 
th e  b ehav io r of th e  lu b rican t layer under la rge  p ressure  p =  Fj\f/A is analyzed. 
In  th e  second case, one of the  slabs is m oved la te ra lly  re la tive  to  th e  o th e r 
u n d e r a  co n s ta n t n o rm al force F ^ · W hile th e  slabs are pressed by a constan t 
n o rm al force, w hile Ni as well as Xe atom s are  fully  relaxed. In th is respect, th e  
p re sen t s im u la tio n  is unic|ue and  provide valuab le  d a ta  for fu rth e r theo re tica l 
s tu d ie s . H ere 0  =  0 corresponds to th e  d ry  sliding friction  and  involves 
irreversib le  d e fo rm ation  ( or a tom ic  rea rran g e m en ts  ) w hereas 0  >  0 rep resen ts  
th e  b o u n d ary  lu b rica tio n . W e exam ine th e  varia tio n  of to ta l p o te n tia l energy 
V't , la te ra l force Fh  w ith  th e  d isp lacem en t, an d  exam ine th e  a tom ic  m otion , 
th a t  receals im p o r ta n t m echan ism s of energy  d issipation .
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5.1 Method
VVe perfo rm ed  m o lecu lar dynam ics ca lcu la tions  by using em pirica l po ten tia ls . 
T w o o b jec ts , one is m oving w ith  a velocity  v, re la tiv e  to  th e  o th e r one, are  
N i( llO ) slabs; each slab  has 8 N i(llO ) layers an d  each layer con tains 140 a tom s. 
T h e  period ic  boun d ary  cond itions are  used in the  la te ra l p lane or in th e  (xy) 
p lan e  described  in F ig .l.  T h e  p e rp en d icu la r or la te ra l m o tion  of th e  first slabs is 
con tro lled  by m oving  th e  to p m o st two layers, bu t keeping the  low est two layers 
of th e  second slab  fixed. T h e  res t of th e  a to m s w hich we called as d y nam ic  
a to m s (Ni as well as Xe a tom s) are  re laxed  so th a t  th e  n e t force ac tin g  on 
each  d y n am ic  atom s d im in ished . W e tre a te d  different values of Xe coverages; 
Ѳ =  0, 0.64, 0.84 and  1.0 co rrespond ing  to  0, 45, 59, 70 X e a tom s betw een th e  
N i( llO ) slabs. T h e  X e-X e in te ra c tio n  is expressed  in  te rm s of Lennard-.Jones 
p o te n tia l,
Г /·  ^ 12 / ГпUiji\ri -rj\) = e -  9
— 7\ Гі -  r,·
(5.1)
w ith  th e  p a ra m e te rs , Tq =  4.36Â  an d  e =  0.024215 eV  taken  from  Ref.77.
S im ilarly , th e  in te rac tio n  betw een X e-N i a tom s is expressed w ith  a  s im ilar 
p o te n tia l w ith  different parameters^® ro =  3.27Â and  e =  0.03413 eV. T h e  
in te ra c tio n  betw een  Ni-Ni a to m s is rep resen ted  by em bedded  a to m  potential.®  
T h e  coo rd in a te  sy stem  of th e  m otion , th e  o rie n ta tio n  of N i(llO ) slabs, and  
th e ir  p rim itiv e  u n it cell w ith  la ttic e  p a ra m e te rs  a — 3.52 A, b — 2.49 Â, are 
i l lu s tra te d  in F ig.5.1.
In th e  p e rp en d icu la r approach , one slab  is left to  m ove tow ards th e  o th e r 
from  ho =  6.0 Â in the 0  =  0 case, and  from  ho =  8.8 Â in the  0  0
cases in in c rem en ts  of Ad  =  0.05Â. A fter each tim e  step  (At =  1 x 10“ ®^ 
sec ) th e  dynam ic  atom s are th e rm alized  to  4 K. In th e  la te ra l m o tion  of 
th e  slab  along th e  [001]-direction, (or y -d irec tion ) th a t  is paralle l to  the  (110) 
su rface  of th e  slab , one slab is d isp laced  in s teps of A s =  0.05 À under th e  
co n s ta n t n o rm al force F/v =  0.03 e V /a to m  ( =  0 .0 4 8 n N /a to m ). B etw een two 
consecu tive  d isp lacem en ts all th e  d y n am ic  a tom s are  re laxed  for 2000 steps in 
b o th  p e rp en d icu la r and  la te ra l m o tion . A ccordingly  th e  la te ra l speed v can be 
ta k en  2.5 m /se c . T h e  to ta l p o te n tia l energy  Vr, is ca lcu la ted  by averaging
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F ig u r e  5 .1 : T h e  u n it cell of th e  m oving and  resting  N i(llO ) slabs w ith  th e  Xe 
a to m
The unit cell of the moving and resting N i(llO ) slabs with the Xe atom  between 
them . The y-axis is taken parallel to the [001]-direction. The upper slab is at the 
top site relative to the lower one. Xe atoms are at the hollow site. T, H and B 
indicate top, hollow and bridge site positions relative to the lower slab. The lower 
curve schem atically describes the corrugation of the potential energy.
for 1500 tim e  s tep s  following first 500 tim e steps. A fter n  d isp lacem ent 
s tep s , p e rp e n d ic u la r  and  la te ra l d isp lacem ents are d — nAd and s =  riAs, 
resi^ectively.
5.2 Pressing
B y d isp lac ing  th e  u p p e r slab tow ards the  lower one from  th e  height ho, th e  to ta l 
p o te n tia l energy  is first lowered owing to  th e  a t tra c tiv e  in te rac tion , in itia lly , 
th e  b o tto m  su rface  a tom s of th e  u p p e r slab  face the  a tom s a t the  surface of the  
low er slab; it is d en o ted  as th e  top  site  (T ) registry . U pon fu rth e r approach  
Vt passes th ro u g h  a m in im um  and  increases due to th e  repulsive in te rac tio n  
a t  sm all se p a ra tio n . T h e  varia tion  of V r(d) and  the  perp en d icu la r force F;v(c/) 
is show n for various values of 0  in F ig .5.2. F ig .5 .2(a) and  5.2(b) correspond
to  th e  case 0  =  0. A t som e po in ts  F)v decreases suddenly. T he first sudden
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d ( A ) d ( A )
F ig u r e  5 .2 ; T o ta l p o te n tia l energy and  forces du ring  pressing  
Total potential energy Vx(d) and norm al forces F)v(f/) in the case of pressing for 
different 0  values. Panels (a) and (b) are for 0  =  0. Panels (c) and (d) are 
for 0  =  0.64 (em pty circles) and 0  = 0.84 ( filled circles ). d is the perpendicular 
displacement of the upper slab toward the lower one starting  at a height ho explained 
in the text.
change occurs a t d =  3.1Á w here th e  surface a tom s of the  u p p e r slab ju m p  
to  th e  H -site  reg is try  hav ing  re la tive ly  lower energy. Second sudden  fall of F¡v 
at d — 4 .3Á  is due to  th e  ju m p  to  co n tac t w hereby the  u p p e r slab  and  th e  
low er slab  becom e in th e  bulk registry . T h e  th ird  sudden  fall of the  force TV 
occurs u n d e r th e  excessive loads ( ~  700 nN  ); under such a h igh stress th e  
slabs can n o t hold th e ir  o rdered  s tru c tu re .
Xe a to m s betw een th e  slabs ( 0  >  0 ) m ake th e  to ta l p o te n tia l energy Vy, 
re la tiv e ly  shallow er. In itia lly  th e  Xe a tom s s tay  adsorbed  on th e  surface of th e  
low er slab , and  they  keep th e ir  positions u n til d =  3.0A. For d > 3 A  they  
ra ise  tow ards th e  u p p e r slab and  are s tab ilized  a t th e  m idd le  of th e  sep ara tio n  
betw een  th e  surfaces of th e  slabs, since th e  energy  b a rrie r d im inishes and  two
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local energy  m in im a  for th e  X e atom s collapsed to a  single m in im u m  at the  
m id d le . T h e  Xe a tom s, as well as th e  a tom s of th e  surfaces of th e  slabs ad jacen t 
to  th e  X e layer keep th is configuration  u n til d ~  5.7A ( w here ./'V ~  0.7 
e V /A a to m  ~  1.12 n N /a to m  ) for 0  =  0.64. O nce th e  n o n n a l force exceeds 
th is  th re sh o ld  value th e  lu b rica tion  layer is destroyed , and  th e  Ni a tom s of b o th  
su rfaces e s tab lish  d irec t con tac t. T h e  res is tance  to th e  normcil load increases 
w ith  0 ;  Fj^ j — 1.6 n N /a to m  for 0  =  0.84, and  - 3.04 n N /a to m  for 0  =  1. 
T h e  su d d en  change in TV curve is m ore d istingu ishab le  in th e  0  =  0.64 case, 
w hereby  th e  lu b rica tio n  layer is destroyed  since rnore Ni a tom s under stress 
e n te r  to  th e  vacancies in th e  Xe layer and  lower th e  p o te n tia l energy. F igure 
5.3 shows how th e  lu b rican t layer of 0  =  0.64 is destroyed  u n d er heavy load. 
U pon fu r th e r  pressing, m ore Ni a tom s m ix  w ith  the  X e a tom s and  th e  b o tto m  
layers of th e  u p p er slab  and  th e  top layers of th e  lower slab  were deform ed.
B eside atoirvic configuration  and  a tom ic  forces, o th e r local parcim eters like 
local a to m ic  stresses and  local h y d ro s ta tic  pressure^® are  crucial for th e  s tu d y  
of lu b rica tio n . We n o te  th a t  even if th e  ne t force on one a to m  is zero, th e  
h y d ro s ta tic  p ressu re  m ay  be q u ite  high. For a  system  of p artic les  under th e  
p a ir  p o te n tia l in te ra c tio n  Uij, th e  to ta l p o te n tia l energy of th e  sy stem  is Vt — 
l / 2 I j i , i  ^ij -T hen th e  a tom ic  level stress for f th  a to m  can be w ritte n  as
^ap _  J _   ^ ^^b^a^P 
2vi ^  '>···J rij drij ly tj
(5.2)
w here Vi is th e  a to m ic  volum e of th e  a to m  and  cv, fd are  th e  cartes ian  
co m p o n en ts . T h e  local h y d ro s ta tic  p ressure  P¡, is th e  trace  of local a tom ic 
s tress  te n so r i.e.
Pi =  ( l / 9) ( < ^ r  +  + ‘> n  ( 5 . 3 )
Pi can  tak e  positive  and negative values; positive values correspond  to  
com pressive  p ressu re  and  negative  values correspond to  expansive pressure. 
T h e  average h y d ro s ta tic  p ressure  of th e  layer L is ca lcu la ted  as Ff, =  ^  Fj 
w here n i  deno tes th e  n um ber of a tom s in th e  layer L.
T h e  average h y d ro s ta tic  p ressure  values of the  b o tto m  layer of th e  upper 
s lab , th e  top  layer of the  lower slab an d  th e  lu b rica tion  layer as a  function  
of p e rp e n d ic u la r  d isp lacem en t are  show n in Fig. 5.4 N orm ally, one expects
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F ig u r e  5 .3 : S nap-sho ts  of th e  s lab -lub rican t-slab  sy stem  du rin g  pressing  for 
0  -  0.64
Snap-shots of the slab-lubricant-slab system during pressing are shown for 0  =  0.64. 
The Ni atom s in the upper ( lower ) slab are represented by filled ( em pty ) circle 
and the Xe atom s are represented by stars. Panels (a), (b) and (c) correspond to 
the d = 5.6, 5.7 and 6.0 A, respectively.
th a t  the  p ressu re  values increase for X e and Ni layers u n til th e  d es tru c tio n
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d(  A )
F ig u r e  5 .4 : Local h y d ro s ta tic  p ressure  du ring  pressing  
Average local hydrostatic pressure values , for the bottom  layer of the upper
slab ( em pty circles ), the top layer of the lower slab ( filled circles) and for the 
lubricant layer (triangles ) for 0  = 0.64.
of th e  lu b ric a n t layer. B u t surprising ly , th e  p ressure  values first increases 
th e n  decreases sm ooth ly . T his s itu a tio n  can be u n d ers to o d  by analyzing  the  
p ressu re  con tours on a a;2-p lane of a  slice of th e  sy stem  as show n in Fig. 5.5.
For d ~  3.0A pressu re  in tensified  on th e  Xe a tom s ( th ree  Xe atom s on 
th e  left and  two Xe atom s on th e  righ t have 20 G P a  ). By fu rth e r  pressing 
of th e  lu b rican t layer, the  high p ressure  region sw itches to th e  a tom s around 
th e  vacancy  positions. T h is way TV is d is tr ib u te d  to  re la tive ly  larger cross 
sec tion  and  hence th e  average p ressure  of th e  layers decreases. However, this 
does no t m ean  th a t ,  th e  system  is going to be m ore s tab le , since upon fu rther 
pressing , th e  vacancies begin to  be filled by th e  Ni a tom s around . T h is way 
Pl is decreased  fu rth e r  b u t th e  lu b rican t layer is to ta lly  destroyed .
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F ig u r e ,  5 .5 : P ressu re  con tours
C ontour plots of the local hydrostatic pressure on the x^r-plane for 0  =  0.64. The 
upper panel corresponds to d = 3.0 A and lower panel corresponds to d = 5.5 A 
ju s t before the destruction of the lubricant layer. C ontour values ( in units of G Pa 
) are indicated on the plots.
5.3 Friction
T h e  fric tion  of th e  N i(llO ) slab m oving above th e  s im ila r N i(llO ) slab th a t 
is fixed by tw o b o tto m  layers, are  s tu d ied  for 0  =  0 ,0 .6 4 ,0 .8 4 ,1 .0  (i.e. full 
coverage ). T h e  tra n s la tio n  of the  u p p e r slab is m a d e  u n d e r the  constan t 
n o rm a l load Tyv=0.03 e V /A a to m  ( or to ta l load F/vt — 6.72 nN  ). T h e  0  =  0 
co rresponds to  th e  d ry  friction. T h e  im p o r ta n t difference betw een 0  =  0.84 
a n d  1.0 is th a t  one row and one co lum n of X e a tom s are  m issing in A a t the
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F i g u r e  5 .6 : T h e  varia tion  of th e  to ta l p o te n tia l energy  and  la te ra l forces 
d u rin g  slid ing
Poten tia l energy Vt {s) and forces Fl (s) in the case of sliding for different 0  values. 
Panels (a) and (b) are for 0  =  0; panels (c) and (d) are for 0  =  0.64 (em pty circles), 
0  =  0.84 ( filled circles ) and for 0  =  1 ( triangles )
fo rm er case. T h e  to ta l p o te n tia l energy and  la te ra l force varia tion  are shown 
for th e  various values of 0  in F ig .5.6 T h e  re la tive  m o tion  w ith  0  =  0 s ta r ts  a t 
th e  T -s ite , ( see F ig .5.1 ) th a t is a  m e ta s ta b le  s ta te . By m oving th e  u p p er slab 
th e  a to m s ju m p  to  the  FT-site of the  lower surface, b u t leaving th e  su b s tra te  
a to m s s till on th e  T -s ite  configuration. T h e  to ta l p o te n tia l energy continues to 
d ecrease  w ith  fu rth e r  d isp lacem en t and  passes th rough  a m in im um  a t s =  1.75 
A. T h is  is th e  m in im um  energy configuration. N orm ally, th e  m a.xim um  of 
Vt {s) would ap p ea r a t the  nex t T -s ite  ( for z= 3 .5  A and  s ~  3.5 — 4.0 A). 
H ow ever, ju s t before th is expec ted  m ax im um  occurs th e  to ta l p o te n tia l energy 
is low ered by ~  30 eV due to  a  s tru c tu ra l tran s itio n  from  highly  o rdered  to 
th e  d iso rdered  s ta te . T h e  d isordered  s ta te  occurs for 4.2 < s < bk  th e  to ta l 
p o te n tia l energy  increases linearly . For 5 < s <  5.25 A th e  s tru c tu re  changes
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F ig u r e  5 .7 ; Snap-sho ts of side views for 0  =  0 
Snap-shots of side views before and after a disorder-order structura l transition for 
0  =  0. The upper panel is for -s =  4.5 A before the transition and the lower panel 
is for -s = 5.5 A after the transition. The Ni atom s of the upper ( lower ) slab are 
shown by filled ( em pty ) circles.
from  th e  d iso rdered  s ta te  to  the  o rdered  s ta te  end ing  a t th e  H-'site reg istry  ( a t 
C in  F ig .5 .6(a) ) corresponding  to  a m in im u m  Vr excep t local residual defect. 
In  th is  s itu a tio n  th e  to ta l p o te n tia l energy resides a t a different m in im um  ( 
so /1 C  in F ig .5 .6(a) ). F igure 5.7 shows th e  d iso rder - o rder s tru c tu ra l 
tra n s itio n  for s =  4.5 A and s =  5.5 A for 0  =  0. T h e  varia tion  
of to ta l energy  V r(x ,y ,z )  is conservative in th e  period  A ^  B  or C —>· D. 
H ow ever, due to th e  residual defect fo rm atio n  or s tru c tu ra l tran sfo rm a tio n  in 
th e  slab , Vt {C) — Vt {A) ~  25 eV and  hence the  to ta l p o te n tia l energy undergoes 
irreversib le  change. T h e  s tru c tu ra l tran s itio n s  and  defect fo rm ations are easily 
recognized  in Fig. 5 .7(a) an d  5.7(b).
T h e  la te ra l force Fl is o b ta in ed  from  th e  deriva tive  of Vt
dVr
Fl{^) = ds
(5.4)
Fl > 0 is along th e  y -durection , and  is opposite  d irec tion  of th e  ex te rn a l force.
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th a t  m oves th e  upper slab.
T h e  im p lem en ta tio n  of the  Xe atom s betw een two N1(110) slabs w ith 
coverage 0 <  0  <  1, th e  s itu a tio n  changes d ram atica lly . T h is is seen from 
th e  co rru g a tio n  of Vt {s ) th a t reduced  from  ~  160 eV  ( 0  =  0) to  10 
eV  ( 0  =  0.64). U nder the  loading force Fm =  0.03 e V /A a to m  the Xe 
a to m s p rev en t th e  system  from  any defect fo rm ation , excep t som e s tru c tu ra l 
tra n s itio n  w ith in  the  lub rican t layer. As a resu lt, energy lost Vr quasi­
conservative , and  hence the average fric tion  force is e x p ec tan tly  sm all. Initialljq 
th e  a tom s of th e  upper N i(llO ) slabs are  lo ca ted  ju s t  above the  Ni a tom s of the 
low er slab. T h e  T'-site conhguration  is now a m in im u m  energy configuration 
ow ing to  th e  presence of Xe atom s located  a t the  / / - s i te s  of b o th  Ni slabs. 
B y m oving  th e  upper slab, th e  Xe atom s are  forced to  m ove in th e  sam e 
d irec tio n . T h is  would increase Vr un til a m ax im u m  value occurring  at the  
d isp lacem en t s, -s <  (n — l) a -h a /2 ;  th e re a fte r  th e  p o te n tia l enei'gy is lowered Iw 
X e a to m s m oving  to  the  Il-s ites  of the  upper and  lower surfaces. As a resu lt, the 
m a x im u m  of Vr is decreased to give a local m in im um . T h e  m ax im u m  change 
of Vr in  a p e rio d  AVy, increases w ith  0 ;  AVr is 15 eV , 13.75 eV cuid 11.2 eV 
for 0  =  1, 0.84, 0.64, respectively. T h e  side and  top views of 0  =  0.84 are 
show n in Fig. 5.8 for different la te ra l d isp lacem ents. In th e  p la teau  region of 
V'r ( m id d le  panel ) p a rt of Xe atom s m oved upw ards to  th e  H -site position  of 
th e  u p p e r Ni (110) slab while som e of th em  kep t th e ir  position  du ring  sliding. 
H ow ever, going over the  p la teau  region ( b o tto m  panel ) the  form er Xe atom s 
re tu rn e d  to  th e ir  in itia l s ta tes ; a t the  end  a row of vacancy of Xe atom s form ed 
betw een  tw o X e facets. For 0  =  1, of th e  first p la te a u  of th e  Vr{s) all the  
X e a tom s k ep t th e ir  position  close to th e  H -site  reg istry  of the  lower slab, bu t 
th e y  m oved as a whole in the  second p la teau . T hese  two kinds of m otions are 
no t d is tin g u ish ab le  in the  Vr{s) and Fi{s) curves bu t d istingu ishab le  in the 
v a ria tio n  of local average h y d ro s ta tic  pressure  Pl {s) du rin g  sliding.
As il lu s tra te d  in Fig. 5.9, w hile th e re  is m ore expansive p ressu re  on the  
to p  layer of th e  lower slab in th e  first p la teau  of Vr·, in the  second p lateau  
th e  b o tto m  layer of the  u p p er slab has m ore expansive pressure. .Stating 
differently , th e  Ni layer th a t has the  h igher expansive pressure, keeps the Xe 
a to m s. C learly , th is shows th a t  du ring  sliding, B o rn -0 p p en h e im er surface was
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F ig u r e  5 .8 : Snap-shots of side views for 0  =  0.84 
Snap-shots of side and top views of the upper N i(llO ) slab moving laterally above 
the lower N i(llO ) slab with Xe coverage 0  =  0.84. Upper, middle and lower panels
o
correspond to the lateral displacement s =  1.0, 2.0 and .3.0 A, respectively.
m odified  in such a way th a t two m in im a w ith  the  sam e energies occur. If the  
coverage of th e  lu b rican t layer is less th e n  1.0 the  p a r t of the  lub rican t atom s 
can  m ove to  th e  H -site reg istry  while th e  o the rs  keep th e ir in itia l positions. 
T h is way, vacancies in the  lub rican t layer p ro p ag a te . In the  lull coverage ( 
0  =  1 )  case th e  lu b rican t atom s e ith e r m ove or keep th e ir  p lace as a  whole.
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F ig u r e  5 .9 : Local h y d ro s ta tic  pressure  du ring  sliding 
Average local hydrostatic pressure as function of s in the course of sliding for 0  = 1. 
The pressure values are shown for the bottom  layer of the upper slab, the top layer 
of the lower slab and the lubricant layer by filled circles, em pty circles and triangles, 
respectively
Chapter 6
Quantum Heat Transfer
S everal s tu d ie s  have d em o n stra ted  th a t  th e  p ro p ertie s  of condensed s\^stems 
w ith  n a n o m e te r  size and reduced  d im ensiona lity  can be ra th e r  d ifferent from 
bulk  p ro p e rtie s . In p a rticu la r, th e  e lec tron  tra n s p o r t th rough  a n an o p artic le  
(i.e. a  sm all m olecule, cjuantum  w ire or q u a n tu m  do t ) ex h ib its  novel features 
ow ing to  th e  q u an tiza tio n  of th e ir  s ta te s , w hich a re  d ifferent from  th a t of 
th e  b u lk .‘‘®’®^ ’™"^ ·’ Since the  level spacings,®^ Aci =  e,+i — e,, of quan tized  
s ta te s  of th e  n an o p artic le  are fin ite  b u t s tro n g ly  size and  geom etry  dependen t, 
a n d  th e  m e an  leng th  traveled by an elec tron  betw een  two te rm ina ls  is sm aller 
th a n  th e  phase  breaking length  (i.e. / <  L,j,) th e  q u iin tiza tion  and  coherence 
of e lec tro n ic  s ta te s  becom e pronounced  in th e  e lec tro n  tra n sp o rt. In fact, 
th e  b a llis tic  tra n s p o r t of the  e lectrons th ro u g h  a p o in t con tac t c rea ted  by an 
S T M  tip'*^ (or th rough  a narrow  co nstric tion  betw een two reservoirs of two- 
d im ensiona l e lec tron  gas in high m ob ility  G aA s-G aA lA s heterostructures®^^^·’^ ) 
have show n th a t  the  quan tized  n a tu re  of s ta te s  are m an ifested  in th e  ballistic 
tra n s p o r t w hen th e  average rad ius of con tac t ry (or w id th  of th e  constric tion  
■w) is in th e  range of Fermi w avelength , Xf - T h e  elec tron ic  conductance  G 
was found^^’^ ■^ to change w ith  tu in q u an tized  steps of ap p ro x im ate ly  2e^lh. 
R ecen tly , th e  a tom ic  scale w ire has been p roduced  by re tra c tin g  th e  STM  
tip  from  a n an o in d en ta tio n  on a m e ta l surface. T h e  cjuantized n a tu re  of the  
e lec tro n ic  conduction  observed subsequen t to  th e  b reak ing  of those wires has 
been a su b je c t of active study .
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in  view of the  physics underly ing  the  ballis tic  e lec tron  tra n sp o rt th rough  an 
a to m ic  w ire betw een two e lectrodes, earlier we conjectured*^^ th a t s im ila r effects 
sha ll occu r also in th e  h ea t tran sfer v ia phonons. In fac t, w hen a norm al m ode is 
fo rm ed  betw een  two reservoirs passing th rough  the  n an o p artic le  ( specified as a 
ch anne l or a  cu rren t tra n sp o rtin g  s ta te  ), any excess phonon d is tr ib u tio n  in one 
reservo ir is ballis tica lly  tran sfered  to th e  o th e r one w ith  the  speed of sound. At 
th is  p o in t th e  im p o rta n t question  one raises is w h eth er th e  th e rm al conductance 
of b a llis tic  channel has an upp erb o u n d . C learly, these quasi-independen t and 
ac tiv e  m odes are  closely re la ted  to the  m odes of n an opartic le . .Similar to the 
e lec tro n s , th e  v ib ra tiona l m o tion  of th e  n an o p a rtic le  has d iscre te  frequency 
sp e c tru m  w ith  fin ite spacing, AO,· =  -  Hi. O nce th e  nanopartic le  is
co n n ec ted  to  these reservoirs a q u an tu m  th e rm a l con tac t is form ed betw een 
th e m . T h e  n u m b er and  frequency  spacings of lahonon s ta te s  are de term ined  
by th e  a to m ic  configuration and  size of th e  n an o p artic le , and  th e ir d is trib u tio n  
varies w ith  te m p e ra tu re . T h e  h ea t conductance  fC, is expec ted  to be dependen t 
on th e  changes in th e  d iscrete  frequency  sp e c tru m  and te m p e ra tu re . For 
ex am p le , fC m ay  increase in d isc re te  values each tim e a new channel becom es 
ac tiv e  in th e  h ea t transfer. If th e re  is no v ib ra tio n a l s ta te  coupled to those 
reservo irs, th en  they  becom e iso la ted . O f course, th e  quan tized  n a tu re  of heat 
co n d u c tio n  differs from  th a t of e lectron  cu rren t, since the  form er com plies w ith 
B ose-E inste in  s ta tis tic s . Each vibrationcil s ta te  c o n trib u te  to  th e  hea t transfer: 
its  c o n trib u tio n  is w eighted by th e  P la n c k ’s d is tr ib u tio n  n{fl,T ).
H eat tran sfe r th rough  a n an o p artic le  is of p a r tic u la r  in te rest in the  atom ic 
scale  d ry  fric tion  and l u b r i c a t i o n . T w o  o b jec ts  in re la tive  m otion  engage 
in co n tac t th ro u g h  various a to m ic  scale asperities . T h e  m echan ical energy of 
th e  re la tiv e  m otion  is d issipated  by th e  electron-ho le  crea tion , b u t in m any 
cases m ain ly  by the  crea tion  of non-equ ilib rium  phonon d is trib u tio n  at the 
close p ro x im ity  of th e  asperity .'^ '® ’ C onsequently , th e  v ib ra tiona l inodes of 
th e  asp eritie s  or lu b rican t m olecules and  h ea t cu rren t th rough  these m odes are 
essen tia l for th e  energy dissipation.®''^ F u rth e rm o re , th e  energy transfer is an 
im p o r ta n t su b jec t in various biological process and  n a n o d e v i c e s .a s  well as 
m o lecu lar e lectronics. In p a rticu la r, as th e  device sizes are  scaled down from 
m icrons to n an o m eters , the  d issipation  of h ea t g en era ted  from  de\dce operation  
liecoraes a  challenging  problem .
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F ig u r e  6 .1 : S chem atic descrip tion  of q u a n tu m  h ea t tx’ansfer 
A schematic description of the quantum  heat transfer investigated in the text. A 
nanoparticle coupled to two reservoirs and corresponding density of frequencies. 
Resonance states are described by dotted  lines.
O ur ob jective is to investiga te  th e  m an ifes ta tio n  of th e  quan tized  n a tu re  of 
v ib ra tio n a l m odes in the  h ea t tran sfe r th rough  a n anopartic le , th a t  we denote 
as q u a n tu m  h ea t transfer. T h e  sy stem  we consider is schem atica lly  described 
in  F ig. 6.1, w here hea t flows from  the  left reservoir (L) to th e  righ t reservoir 
(R ) th ro u g h  a nanopartic le  (C) in the  s tead y  s ta te  condition .
A ccordingly, the  te m p e ra tu re  of L and  R , Tl and  T r are constan t and 
A T  = J'l — Tn >  0. In this work we p resen t a  form alism  for the  q u an tu m  heat
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tra n sfe r  and  s tu d y  only the  b a llis tic  tra n sp o rt in th e  in fin ite  a to m ic  w ire and 
fin ite  a to m ic  chain  as th e  n an o p a rtic le  betw een two reservoirs.
6.1 Formalism
B eyond th e  B o ltzm an  equ a tio n  using the  re lax a tio n  tirne concept the  heat 
tra n sfe r  and  re la te d  conductcince ( or th e rm a l con d u c tiv ity  ) in a m icroscopic 
d ie lec tric  can  be ca lcu la ted  by using a K ubo-G reenw ood f o r m a l i s m .A l t e r ­
native ly , one can  use the  w ell-know n expression^^ of h ea t cu rren t
T— . r^ j,max
— n e j(í7 ) i/í2 (6-1)
j '7^ j,rnin
w here C,j,min ¿wid Vj, and  nej{fl) deno te  respectively , the
m in im u m  and  m ax im u m  frequencies, j- th  com ponen t of sound velocity, density  
of s ta te s  and  th e  excess d is tr ib u tio n  of the  b ranch  j .  R ecently , th is expression 
w ere used for th e  heat tran sfer th ro u g h  a m esoscopic b u t co n tinuum  bridge by 
e lastic  w a v e s . T h e  leng th  / of th is  quasi one d im ensional bridge ( th a t 
is jo ined  to  L and  R from  b o th  ends) is m uch longer th a n  its w id th  lu. 
.Accordingly, th e  elastic  wave is confined in w transversely , b u t p ropagates 
a long /. Jq is derived by n ej{ü j)  =  ni{flj,TL) — nn{ilj,TR) i.e. difference 
of phonon  d is tr ib u tio n s  co rrespond ing  to  Ti and  T'/j. H ere =
[exp(hflj/kBTi„R) — 1]“ ·^ f t is also im plied  th a t  üj is not confined to any 
region, bu t a  m ode of the  w hole system  (i.e. L-|-R-|-bridge ). W hile th is 
cxpproach is valid for sm oo th ly  vary ing  w{z) y ie ld ing  ad iab a tic  transm ission , 
th e  h ea t tran sfe r th rough  a b ridge  w ith  a b ru p t connections w ith  th e  reservoirs 
a n d  a b ru p tly  changing w{z) is tre a te d  by inc lud ing  th e  transm ission^’ ’^ '^ ’^ ^^  
coefficient t{Q.j), to  the  in teg ran d  in Eq. 1. T h e  h ea t tran sfer th rough  an 
in fin ite  ( and  uniform  ) a to m ic  w ire can be ca lcu la ted  by the above approach , 
since =  1 and  v ib ra tions of ions w ith  large wave leng th  A, is rem iniscent
of th e  co n tin u u m  elastic  waves. H ow ever, the  d iscre te  density  of s ta tes , D ^(f2) 
of a finite a to m ic  chain becom es dom in an t even if th e  density  of s ta tes  of 
reservoirs D^{fl)  and  D^{fl)  a re  quasi continuous. M oreover, the  m odes of 
th e  com bined  s ta te  {L +  C + R)  are  classified in two groups; nam ely  i) m odes 
w hich are confined to  one of th e  th ree  p a rts  {L, R, C)  ii) ballistic  m odes which
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involve th e  ionic m otion  in the  w hole sy stem  inc lud ing  th e  a to m ic  chain. We 
n o te  th a t  all th e  m odes can be confined in the  w eak coupling of C to L and 
R. I t  is no t obvious how the  h ea t tran sfe r betw een the  confined m odes are 
tre a te d  and  how th e  boundary  m a tch in g  is ach ieved by using th e  form alism  
in Eq. 1. In th e  p resen t study , we ra th e r  use a  m e th o d  th a t  is su itab le  for 
th e  h e a t tran sfe r th rough  a n an o p artic le  hav ing  d iscre te  D^{D,). To th is  end, 
we express th e  v ib ra tiona l p a r t  of th e  to ta l H am ilto n ian  of th e  w hole system  
(L  +  C +  R) co rresponding  to th e ir  decoupled  s ta te  in the  second quan tized  
fo rm .
Ho = ■ ai f j r  d” ^   ^ o + Y n a (6.2)
h<lL hqc
H ere  (jL, qn an d  qc are q u an tu m  num bers. T h e  h ea t tran sfe r via phonons is 
rea lized  w hen T,(7, and  R are coupled  and  A T  =  Ti ~T r >  0. T h e  coupling can 
be described  by an in te rac tio n  H am ilto n ian  s im ila r to th e  tran sfe r H am ilton ian  
approcrch.®'*’®^
Hint Y ,H j ,q i q c i ^ j q c ^ i q i  +  ^ClC^tq^) "b Tj'Î.ÎCÎÜ (^içjî^iîC "b 
b jl
ijt
iqLQcqR(« ¿ 9 L « L « L  +  · •(6-3)
in te rm s of th e  harm on ic  (T )  an d  anharm on ic  (U) coupling coefficients. T he 
tra n s itio n s  betw een confined m odes [L ^  C and  C R), are p rov ided  m ain ly  
by th e  h a rm o n ic  couplings; an h arm o n ic  couplings becom e only corrections. 
T h e  phonon-phonon  in te rac tions  occurs th ro u g h  th e  an h arm o n ic  couplings and 
a re  responsib le  for several events relevan t to  h ea t tran sfer, such as energy 
tra n sfe r  to  th e  local m odes of nan o p artic le  and  th e rm a l res is tance  due to 
u rnk lapp  process. D epending  on the  value of Uijt, th e  con tinu ing  energy 
tra n sfe r  to  th e  local m odes m ay  end  e ith e r by th e  energy d ischarge to the  heat 
tra n sp o rtin g  s ta te s  or the  a to m  m ig ra tio n  ( or deso rp tion  ) in th e  nanopartic le . 
T h e  fo rm er even t, i.e. phonon ex c ita tio n  followed by deex c ita tio n  can occur 
perio d ica lly  and  can be m an ifested  in th e  tim e  varia tion  of conductance  fC{t). 
T h e  above form alism  describes th e  energy tran sfe r betw een the  confined m odes, 
as well as th e  ballistic  ones depend ing  on th e  value of T  and  th e  range of 
o p e ra to rs , and  a. In th e  p resen t s tu d y  we will deal w ith  m esoscopic 
sy stem s w here the  ballistic tra n sp o rt is im p o rta n t. T h e  weak coupling w ith
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th e  reservo irs and  th e  effect of th e  an h arm o n ic  in te ra c tio n  will be tre a te d  for 
m o re  com plex  system s in a  sep a ra te  study.
W e first in v estig a te  the  h ea t conductance  of an  in fin ite  a tom ic  w ire by using 
th e  above approach . To th is  end  we take  th ree  ad jacen t section  of un it leng th  
a t any  a rb itra ry  region of th e  chain . O wing to  th e  u n ifo rm ity  of th e  chain the  
a d ja c e n t sections (L ,C ,R ) are  id en tica l and  channels do n o t m ix. In the  absence 
of any  sca tte rin g , th e  th e rm a l energy  is tra n sp o rte d  ballis tica lly  by the  sam e 
s ta te  across th e  chain  and  hence =  </c =  <1r· F u rth e rm o re ,
T h e  ra te  of the  h e a t tran sfe r from  T to  i? in  th is one d im ensional system  is 
g iven by Jq^ =  by using th e  decay ra te  expression®*^ for a given i
an d  q.
p i  ^  pC W n f  
with rg  = By symmetry K f '“ = K "  and
(6.4)
v:CR
Vqq =  -  l , n c  +  l-,nR\Hint\nL,nc,riR)
{til -  l,nc,riR + l\Hint\riL -  l ,na + 1-,tir) (6.5)
H ence — Ta^qq^n,L{nc +  1) «md — Tu q^q\J{nc +  +  1) are
exp ressed  in te rm s of P la n c k ’s d is tr ib u tio n  functions. T h e  n e t ra te  of heat 
tra n sfe r  th ro u g h  th e  chain  is Jq =  Jq^ — Jq^. S ince ni  and  ur <C 1 a t low 
te m p e ra tu re  Jq is expressed  in th e  following form
Of, roo
E /  [ n i - n / í ] ! í ( í n7T . Jo (6.6)
N o te  th a t  for a perfect and  in fin ite  a tom ic  w ire all m odes are  it in e ra n t and 
hence  th e y  are ballistic  and  cu rren t tra n sp o rtin g  s ta tes . A ccordingly, one can 
a rriv e  a t the  sam e expression in Ecp 6 by using th e  expression of the  heat 
c u rre n t in Eq. 1 and  w ith  th e  D ebye ap p ro x im atio n  for th e  d ispersion  re la tion  
Çl[q) = Vgq th a t  is ac tu a lly  valid  for sm all q ( or large A =  Stt/ i/ ). T his 
a ssu m p tio n  is ju stified  since only  acoustic  m odes (or sound waves) are excited  
a t low te m p e ra tu re . T h en , a t low te m p e ra tu re , th e  h ea t conductance  ( per 
u n it leng th  ) is o b ta in ed  from  Eq. 6.
^  =  E
TT^P
.3/1
(6.7)
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A ccord ing  to this in te restin g  resu lt th e  b allis tic  conductance  of each branch  
i of th e  perfec t ID  chain  is lim ited  by th e  value ICo =  T^ '^ kgT/'ih. A t 
low te m p e ra tu re , it is ind ep en d en t of any  m a te ria l p roperty , b u t is linearly  
d e p e n d e n t on T. T hen , the  to ta l co n d u ctan ce  becom es K, =  HK,o\ M  being 
th e  to ta l n u m b er of acoustic  b ranches w hich are  ac tive  in the  q u an tu m  h ea t 
tran sfe r. T h e  sam e expression for th e  d ie lec tric  conductance  were o b ta ined  fox- 
d ie lec tric  b r i d g e s . F o r  an ideal ID  a to m ic  chain  M  =  3, if th e  transverse  
v ib ra tio n s  are allowed. For hom ogeneous an d  i-egular w ire th a t  have larger 
crossectioxi inc lud ing  m ore a tom s in  th e  u n it cell, th e  su b b an d  s tru c tu re  form s 
d u e  to  th e  tran sverse  confinem ent of th e  v ib ra tio n a l m o tio n  in th e  dii-ection 
p e rp e n d ic u la r  to the  p ro paga tion  d irec tions. In th is  case, /Co for a b ranch  w ith  
Ctj^ min 7^  0 differs from  Eq. 7 an d  jV  can  be larger th a n  3 if the  subbands 
becom e ac tive  a t the  given te m p e ra tu re . I t shou ld  be no ted  th a t  all th e  s ta te s  
of a  given b ranch  i are co n trib u tin g  to /C’o. T h is  s itu a tio n  is a  conti'ast to th e  
qucin tum  ballistic  tra n sp o rt of e lectrons in th e  ID  channels.
T h e  q u a n tu m  h ea t tran sfer th ro u g h  a  perfec t and  in fin ite  a tom ic  w ire is an 
idealized  s itu a tio n . M ore rea lis tic  sy stem  can  be a fin ite chain  coupled to  L 
a n d  R. T h e  crossections change a b ru p tly  w here th e  a to m ic  chain  is connected  
to  th e  reservoirs. As a resu lt tj{ù) < 1 because of reflections. M oreover, the  
m odes of chain  differ from  those of th e  reservoirs an d  includes a few m odes 
w ith  fin ite  level spacings.
In  o rder to analyze th e  ch arac te r of th e  m odes of such a sy stem  we sim ula ted  
it  by th e  m odels consisting  of a  chain  inc lud ing  3 or 4 Cu atom s betw een 
tw o reservoirs; each reservoir is rep resen ted  by 7 Cu(OOl) a to m ic  planes. T he  
w hole sy stem  com prises 451 or 452 Cu a tom s. T h e  in te ra to m ic  d istances in  
th e  chain , betw een th e  chain and  slab a to m s and  in th e  slab  are  taken , 2.74, 
2.65 and  2.56 Â, respectively. In te ra to m ic  in te rac tio n s  are  derived from  an 
eiTipirical p o ten tiaP ^  and  the  dynam ica l m a tr ix  of th e  system  form ed thereof 
a re  d iagonalized  to ca lcu la te  th e  m odes. B ecause of reduced  n um ber of neai’est 
neighbors th e  coupling betw een th e  chain  an d  th e  reservoirs is not as strong  
as in  th e  bulk, b u t s till it is considered  to  be strong . Of course, such a m odel 
is crude  and  has lim ited  size to  describe th e  h ea t tran sfe r accurately , bu t is 
s till convenient to e x tra c t th e  underly ing  physics. T h e  transverse  m odes of
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Q ( K )
F ig u r e  6 .2 : D is tr ib u tio n  of resonances 
T he distributions of resonance sta tes derived from the three longitudinal modes iqc’s 
of the atomic chain ( 3 Cu atoms between two Cu slabs representing the reservoirs ) 
described by insets in (a), (b) and (c). The variation of K, with tem perature in units 
of 10~^  ^Jm/Ksec calculated from the resonances in (c) is illustrated in the same 
panel.
th e  fin ite  chain  are w ell-localized ow ing to  th e  weak force constan ts. On the  
o th e r  hand , the  long itud ina l m odes are  m ixed  w ith  those of the  reservoirs 
an d  becom e resonances. F igu re  6.2 illu s tra te s  the  local density  of s ta tes  
ca lcu la tions  corresponding  to th e  d is tr ib u tio n s  of resonances due to
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th e  chain  m ode iqc· O ur analysis d is tingu ished  differen t types of m odes: i) 
M odes localized  strong ly  on the  chain  ii) resonance m odes w hich are localized 
on the  chain  b u t p e n e tra te d  w eakly in to  th e  reservoirs, iii) m odes are confined 
to  th e  reservoirs iv) c u rre n t- tra n sp o rtin g  resonances. N ote th a t only confined 
m odes will ap p ea r if the  coupling betw een th e  chain  and  the  reservoirs were 
weak. T h e  m odes in th e  first th ree  categories ( i, ii, iii ) co n trib u te  to th e  
h e a t conduction  by phonon transfers  betw een confined m odes { \.e L ^  C and  
C —y R ) m ed ia ted  by harm on ic  and  an h arm o n ic  couplings as fo rm ulated  by 
Ec|. 3. In rmalogy w ith  the e lec tron  tra n sp o rt, phonon  tran sfe r ( or phonon 
exchange ) can be viewed as phonon tu n n e lin g  or phonon-resonan t tunne ling . 
VVe now consider th e  ballistic  h ea t tran sfe r th rough  resonances, th a t is the  
m a jo r  co n trib u tio n . T h e  ballistic  conductance  of a  single ballistic  s ta te  iq
iq kBViqX e^
w ith  X =  ksT. For large x, fCi
e·^  -  1)-
niq kg x^e
(6.S)
On the  o the r hand
Hiq ~  v,qkB if X is sm all. F inally , th e  hea t co n d u ctan ce  due to all resonance 
s ta te s  is expressed
/  Viqai^) Piqci^)
*7C
' h f i '
■‘J
(6.9)
H ere piq^ j is local density  of s ta te s  due to  the  resonances derived from  the  
m ode iqc· If piq^ · is rep laced  w ith  D f {Vi) co rrespond ing  to  the  infinite a tom ic 
chain  trecited w ith in  the  D ebye app ro x im atio n , K, in  Ec(. 9 yields the  universal 
value given by Ecp 7. H ere the  local density  of s ta te s  piq^  m odifies the  ideal 
bcillistic tran sm ission  as tiq{Vt) does in Ecp 1. By using an  es tim ated  value of 
Viq^_. ~  393mf.sec, we ca lcu la ted  IC{T) due to  re.sonances in Fig. 6.2(c). its 
varia tio n  is illu s tra te d  as an in se t in th e  sam e panel.
' a n ' 
kYr.
.A.n in te re s tin g  bu t paradoxical aspect of K- can be revealed  from  Ec[. 9. VVe 
n o te  th a t  each a to m  in co rpo ra ted  in th e  fin ite chain betw een reservoir adds 
3 m odes to  D^ '{Vl). So as th e  chain  becom es longer by inc lud ing  new atom s, 
th e  n um ber of m odes leading to resonances increases. A ccording to the  Eq. 9, 
each m ode iqc y ield ing cu rren t tra n sp o rtin g  resonances also gives rise to a  step  
increase in Kf. T h is is indeed a rem arkab le , bu t as m uch paradoxical result; the 
h ea t conductance  increases ( b u t no t in equal am oun ts  ) w ith  increasing leng th
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ot a to m ic  chain . 01 course, as th e  leng th  of the  chain increases in steps of 
a to m s, th e  im perfections in the  s tru c tu re  increases, and  hence the  colierence of 
th e  s ta te s  decreases. As a resu lt th e  resis tance  to  h ea t cu rren t by the pliouon- 
phonon  in te rac tio n  increases. N evertheless, for no t too long atom ic chains K, 
is e x p ec ted  to  be p roportional to the  leng th  of th e  wire.
6.2 Heat transfer through a weakly coupled 
nanoparticle
A n an o p artic le , weakly coupled to h ea t reservoirs, preserves v ib ra tional 
m odes s im ila r to the  m odes it has w hen it is iso la ted . T he weak coupling 
resem bles itse lf as broadening the  d iscrete  vibratioiicil freciuency spec trum  of 
th e  nanopcU'ticle. G enerally, like o th e r physical p rob lem s having a d iscrete s ta te  
n ea r a  co n tin u u m , th e  local density  of v ib ra tio n a l freciuency is in L orentzian  
fu n c tio n  form  w here the w id th  of th is L orenz tian  function  gives the  decay ra te  
of th e  v ib ra tio n a l e.xcitation. T h e  weak coupling reg im e enables us to consider 
th e  H am ilto n ian s  of the  left, righ t reservoirs and  of th e  nan o p artic le  separa te ly  
w ith  re la tiv e ly  sm all in te rac tion  term s. T hen , a p e r tu rb a tiv e  approach can be 
ap p licab le  like T ransfer H am ilton ian  system s. T h e  to ta l H am ilton ian  of the 
sy stem  w hich consists of two heat reservoirs, one is a t th e  left and  o the r is a t 
th e  r ig h t, and  a nanopartic le  in th e  m idd le  can be w ritte n  in th e  form
i r  = +  E » n  n r> /1
7 L  I R  '1C
w here qi  ^ qn and qc are c |uantum  num bers for v ib ra tions  of the  left, right 
reservo irs , and  the  nanopartic le , respectively. T hese  ciuantum  num bers include 
th e  phonon b ranch  indices also. We can express the  in te rac tio n  te rm s in an 
in te ra c tio n  H am ilton ian
dnn +  « 7 f l« t)
^ '7 / .7 i , '7 . - l  ( d q i (6. 11)
flint — ^  T  T  ^  f'iR'Icidq
' I L / i C  ' I R / I C
+ E
H ere T  and  U are th e  harm onic and anharm on ic  coupling coelFicients. T he 
H am ilton ians  given in hq. 6.10 and 6.11 are sim ilar to  the  ones we used
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p rev iously  in  th e  s trong  coupling regim e, b u t the  harm on ic  coupling  coefficients 
T  a re  now smcill. G. A. V oth derived decay ra te  expressions for a  th ree  “tie r” 
sy stem ^ ' th a t  each tie r  corresponds to  a  group of s ta te s  d irec tly  coupled to 
a n o th e r  g roup  of s ta te  ( an o th e r tie r  ). V oth’s derivations are  for in tram o lecu lar 
v ib ra tio n a l decay  of n o n s ta tio n a ry  s ta te s  in a po lya tom ic  m olecule bu t 
ap p licab le  to  our m odel sy stem  since we also have d iscre te  v ib ra tional 
frecpiency sp e c tru m  d irec tly  coupled to  the  o th e r frequency sp ec tru m s and  each 
v ib ra tio n a l m ode  can have a defin ite  b roaden ing  of its  local density  of s ta tes  
d ue  to  couplings w ith  the  reservoirs and  have finite decay ra te s  and  lifetim es. 
V o th ’s decay ra te  gives b roaden ing  of an  in itia l s ta te  coupled to broadened  
fin ite  n u m b er of s ta te s  due to in te rac tio n  w ith  o th e r frequency  spec trum . 
T h u s , it considers a  two step  processes ( like hopping  of an  ex c ita tio n  from  
left reservo ir to th e  nan o p artic le  a t th e  cen ter, then  from  th e  nan o p artic le  to 
th e  righ t reservo ir ). T h e  decay ra te  expression is in th e  form
3/V
= Y  r
<IL '
9C = 1
( J L Q C  I
(JC(àP-L -  h ito j-+ {hr t y ( 6. 1-2)
H ere , is th e  decay ra te  of a v ib ra tio n a l frequencies of th e  n anopartic le7c
th a t  co rrespond  to  th e  w id th  of th e  corresponding  L oren tzian  function  of the  
v ib ra tio n a l m ode of th e  nanopartic le . Since bo th  left and  righ t reservoirs 
b ro ad en  th e  v ib ra tio n a l s ta te  of a  n an opartic le  ( a v ib ra tio n a l ex c ita tio n  a t 
th e  cen te r can be tran sferred  to  b o th  left and  righ t reservoirs ) the  w id th  
has co n trib u tio n s  from  bo th  left and  righ t sides =  F^/^ +  th a t the 
.Lorentzian is b roadened  two tim es in a  sym m etric  system . Each decay ra te  
can  be e.xpressed as
2TT
h
Stt , (6.13)
H ere, and  are  the  density  of v ib ra tio n a l frequencies a t th e  left and  right 
reservo irs. T h e  tran sfe r ra te  of a  p a r tic u la r  frequency a t th e  left reservoir can 
be ca lcu la ted  by using the above expressions . S um m ing up th e  tran sfer rates 
for all such k ind  of possible v ib ra tio n a l frequencies P  , and  m u tlip ly ing  each 
w ith  co rrspond ing  energy (AP), we can w rite  the  hea t cu rren t passing  from  left
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to  rig h t ill th e  following form
__ rOD r7C
ЯС { Щ , -  Щ 'аГ  + { Щ Р ‘
((>.14)
чс
C onsidering  th e  h ea t cu rren t passing  from  righ t to  left, one can define to ta l 
h e a t cu rren t as a  difference -= and  is equal to
pC
ЧС
ЧС m -  - д г е ) 2 . | . ( * г 4 ; , )
(6.15)
In  o rd er to ca lcu la te  the  to ta l cu rren t or conductiv ity , we need to d e te rm in e  
h a rm o n ic  coupling cefficients betw een th e  n an o p artic le  and  th e  reservoirs. A 
rece n t study®'^ by G ruebele and  his coworkers enables us to  have ap p rox im ate  
coup ling  coefficients for our sy stem  of in te rest. In th e ir work, coupling 
coefficients w ere expressed by geom etric  m ean  of th e  energy values m ultip lied  
by a co n stan t. By using the  sam e approach , we can w rite  the  coupling 
coefficient in the  form
=  о . ( Е , М Ч \ п „  +  +  1 ) '/ '' (6.16)
H ere, and  are  th e  energy  values of th e  m odes w ith  frequencies 
an d  E^  ^ - ). a is a coupling co n stan t, and  n„j^
are  n u m b er of q u a n ta  in the  v ib ra tio n a l m odes qc and  qi- Using th is approach  
an d  th e  low te m p e ra tu re  lim it, we can w rite  to ta l cu rren t as
= Г  сШПЕ^{П)р,,а^Е E,,[nn -  пн] (6.17)
Чс
H ere is from  Eq. 6.15 and  is th e  local density  of frequencies of the  m ode 
qc of th e  nan o p artic le  w hich is in th e  L orentzian  form .
1 r^:.
ЧС
X m  -  h n i r  +
For A X  <  X one can reach to th e rm a l conductiv ity  expression
(6.18)
nn \ '
E  ~  dilD  '(H)p,/^(fi)a"HH,c. \ J ^ j exp
' hn '
квТ.
exp
/ liil ' 
(6.19)
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W e applied  the  above form alism  to a m odel sy stem  th a t  consists of a  finite 
w ire in te ra c tin g  w ith  h ea t reservoirs. T h e  m odel sy stem  th a t  we used is very 
s im ila r  to th e  prevoius m odel system  in the  strong  coupling case, excep t in 
o rd e r to reach the  weak coupling regim e, we increased  th e  sep ara tio n  betw een 
th e  fin ite  wire and  the  reserviors to  3.5 A. T h e  coupling p a ra m e te r  a can 
be o b ta in ed  from the  w id th  of a L oren tzian  of a chosen frequency  and  we 
found a =  0.023 for our m odel system . T h e  eigenfrequencies w ere ob ta ined  
by dicigonalizing th e  density  m a trix . In this case the  pefiks of local density  of 
frequencies were q u ite  sharp . We used D ebye m odel for density  of frequencies 
of left and  righ t reservoirs th a t Dip{Q.) — w here / I l .t  =  — and
W,,T is th e  long itud iona l or transverse  sound velocity  of Cu. By using Eq. 6.19 
th e  h ea t con d u c tiv ity  for our m odel system  is ca lcu la ted  and  shown in Fig. 
6.3.
N ote  th a t, in sp ite  of th e  d iscrete  frequency  sp ec tru m  of the  wire, we 
do no t have the well defined steps of con d u c tiv ity  like in the  electronic 
case. O ne reason is th a t  th e  con d u ctiv ity  for h igher frequencies grows very 
quickly. T h e  tails of each m odes con d u c tiv ity  due to  exponen tia l varia tion
-2
are m uch h igher th a n  full con trib u tio n  of 
th e  m odes having lower frequency  values. However, for different nanopartic les  
w ith  different s tru c tu re s  and  couplings, the  h ea t con d u c tiv ity  m ay show m ore 
a b ru p t changes.
In th is work we discussed im p o rta n t featu res of th e  h ea t conduction  via 
phonons th rough  a n an opartic le  and  developed a fo rm alism  to ca lcu la te  the  
co n d u c tan ce  inc luding  th e  ballistic  as well as tunne ling  co n tribu tions. .As a 
specific exam ple we investigated  the  ballistic  hea t tran sfe r th rough  an infinite 
a to m ic  chain and a finite a tom ic  wire. For an infin ite  and  perfect atom ic 
cliain  a t low te m p e ra tu re , th e  conductance  is equal to  a  universal vurlue tim es 
te m p e ra tu re . As the  crosscction of the  w ire becom es th icker to include several 
( .sul·)- ) branches due to th e  confinem ent of transverse  m otion  of ions, each 
b ranch  con trib u tes  to the  ballistic  heat conductance  by an am oun t depending  
on th e  th resho ld  freciuency of the  branch. T he h igher is the  Irequency ol 
th e  m ode the  sm aller becom es the  co n tribu tion . T h is is rem in iscen t ol the 
ballis tic  electron  tra n sp o rt th rough  a nanow ire ( or constric tion  ). It was
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T ( K )
F ig u r e  6 .3 : C o n d u c tiv ity  in th e  weak coupling  Ccise 
The variation of/C with tem perature in units of lQ~'^^Jm/K.sec calculated from the 
resominces of an atomic wire consists of three atoms. The solid line represents 
the to tal conductivity from all of the resonances and the others represent the 
contributions from each resonance.
.shown th a t  th e  e lectron ic  conductance  G increases in s teps of 2eQh w henever 
a  s ta te  connec ting  bo th  reservoirs th rough  co n stric tion  is low ered and  aligned 
w ith  Ferm i energy  Ep and becom es a c u rre n t- tra n sp o rtin g  s ta te . T h is occurs 
s ince th e  w id th  and  d ia m e te r of th e  co nstric tion  is i n c r e a s i n g . F o r  finite 
a to m ic  chain  we analyzed  the  n a tu re  of m odes based on an a tom ic  m odel of 
th e  sy stem  as s trong ly  localized or confined s ta te s , confined resonances and 
c u rre n t tra n sp o rtin g  resonances. O ur ca lcu la tion  for the  h ea t tran sfer via 
c u rre n t tra n sp o rtin g  resonances revealed  an in te re s tin g  aspect of the  q u an tu m  
h e a t tran sfer. T h a t is the  h ea t conductance  due to th e  ballistic  transm ission  
of phonons increases w ith  increasing  leng th  of th e  a tom ic  chain betw een 
reservoirs.
Chapter 7
Phononic energy dissipation in 
friction
T h e  possib le sources of energy loss due to  friction  are the  e lectron ic  and  
pho n o n ic  exc ita tio n s  crea ted  a t th e  in terface  and  the  energy stored  in the 
c rea tio n  of defects or different s tru c tu re s  du ring  w ear of partic les. Specifically, 
slid ing  an cisperity on an atom ica lly  flat surface induces local com pressive 
s tra in , w hich can excite  phonons, charge density  waves and- e lectron-hole 
g en e ra tio n . In the  boundary  lub rica tion  w hether the  e lectronic and  phononic 
processes d o m in a te  the  energy d issipation  due to the  m otion  of ine rt gas atom s 
on th e  m e ta l surfaces is sub ject of controversy. C o m p u ter sim ulations like the 
slippage of K r films on Au( l l l ) ^® or p e r tu rb a tio n  calcu la tions w ith in  “su d d en ” 
a p p ro x im a tio n  favors the  phononic co n trib u tio n . However the  sca tte rin g  of 
su rface  e lec trons in te rm s of the  surface res is tiv ity  has ind ica ted  the  electronic 
m echan ism  as the  m a jo r source of energy d issipation .
In th is work, we develop a m odel for th e  energy d issipation  from  an asperity  
to  a  d ie lec tric  o b je c t in re la tive  m otion  w ith  respect to ( ob jec t 1 ) a d ie lectric  
s u b s tra te  ( o b jec t 2 ). Based on our earlier work on the  q u an tu m  heat 
tra n s fe r  we develop a ib rm alism  to  analyze the  phonon genera tion  and phononic 
d esc rip tio n  in an  asperity  or lu b rican t m olecule th a t is coupled to one of the 
o b je c t engaging in friction. We discuss d ifferent regim es such as s trong  and
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w eak coupling  and  th e  effects of anharm on ic  te rm s on th e  energy d issipation . 
F inally , we app ly  torrnalism  to a  m odel system  and  ca lcu la te  the  energy lost 
th ro u g h  phonons.
7.1 Excitation of phonons in stick-slip 
motion
In o rd er to be m ore specific ab o u t the  energy d issipa tion  p rob lem  in friction, 
we can  th in k  of a  m odel system  consisting  of an a sp erity  or a  lu b rican t m olecule 
a t ta c h e d  to an  o b jec t and  in te ra c tin g  w ith  the  surface of th e  o th e r ob jec t. T he 
in te ra c tio n  betw een the  asp erity  and  th e  surface of th e  o b jec t depends on the 
position  of th e  asp erity  re la tive  to th a t  surface. T h e  p o te n tia l energy of the 
a sp e rity  increases then  decreases periodically  in th e  course of a m otion  of the 
a sp e rity  o b jec t system  re la tive  to  th e  surface of the  o th e r o b jec t. O ur m odel 
sy stem  is described  schem atica lly  in F ig .7 .1(a). T h e  possib le excita tions, in 
th e  case of slid ing the  a sp e r ity + o b je c t 1 system  on th e  surface of the  ob ject 
2, s tro n g ly  depends on the  re la tiv e  m otion . N atu ra lly , m oving the  asperity  
a d ia b a tic a lly  Cciuses ad iab a tic  m otion  of asp erity  a tom s and  no sudden  change 
of th e  p o te n tia l energy of the  a.sperity. In th is s itu a tio n  non-eciuilibriurn 
e x c ita tio n s  of phonons or electrons do no t occur. In th e  case of a  stick-.slip 
ty p e  of m o tion , w hich is w idely seen in m any  physical system s, the  change in 
th e  p o te n tia l energy is qu ite  sudden  th a t  any increase of the  p o te n tia l energy 
is now tran sfo rm ed  to the  v ib ra tio n a l energy of the  asperity . T h is way, non­
eq u ilib riu m  phonons are genera ted . T h is s itu a tio n  is schem atica lly  described 
in l.'ig .7 .1(b). D ue to th e  no rm al force iqv and sliding the  asp erity  from  //- s i te ,  
th e  a to m s a t th e  apex  of the  asp erity  are  d isplaced and  th e  p o te n tia l energy 
increases. W hen the  derivative of la te ra l force Fi, as a  function  of sliding .s, 
exceeds th e  can tile v e r’s stiffness th e  slip of the  asperity -bob jec t .system occurs. 
T h is , in tu rn , causes sudden  decrease of the  p o te n tia l energy  of the  asperity . 
T h e  m echan ica l energy, th a t  is p rev iously  converted  to the  p o ten tia l energy of 
th e  a sp erity  is now transfo rm ed  to  the  v ib ra tio n a l energy ( crea tion  of non­
eq u ilib riu m  phonon d is trib u tio n  ) and  raised th e  local te m p e ra tu re  above the
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•  ·  · •  ·  ·
Asperity 
Object 2
F ig u r e  7 .1 ; Schem atic  descrip tion  an asperity  surface system  
(a) A model system  consists of an asperity attached to an object (object 1) and 
in teracting  with the surface of the other object ( object 2 ). II and T denotes the 
hollow and top site positions relative to the lower object, (b) Sudden excitation of 
vibrations during stick-slip motion. Fi is the to tal lateral force on the asperity 
represented by dashed line and solid line corresponds to the lateral force on a 
cautilevei, Fq = ~ki{s — -Sq), attached to the object 1. Cross section of these two 
lines are the solutions of the system ( equilibrium positions where to tal force on the 
system  Fn -f- Fc is zero ). Going from II to M ( m etastable ) site, according to the 
norm al force F/v, the potential energy of the asperity increases and the atoms of the 
asperity  displaced. When the asperity+object 1 shps to II, the displacement of the 
atom s converted to vibrations of the atoms.
ecju ilib rium  value To-
T h e  decay  of non-equ ilib rium  phonon d is tr ib u tio n ,
T) -  To), (7.1)
m ay  occur in various ways; i) Owing to th e  excess phonons, electron-hole pairs 
a re  g en e ra ted  by the  electron-phonon  coupling H am ilton ian . T his way electrons
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becom e locally  ho t and  d issipate  th ro u g h  m e ta l o b jec ts , ii ) T h e  local An,, is 
tran sfe rred  from  th e  asperity  to  th e  ob jec ts  w hich have co n tinuum  d is tr ib u tio n  
ot freciuency s ta te s  w ith  r/; a  com bined  index  for the  po la riza tion  and
q u a n tu m  nu m b er. In th is thesis work we are concerned  only  w ith  the phononic 
energy  d issipation . We d istingu ish  weak and  s trong  coupling  regim es betw een 
th e  asp e rity  ( or lu b rican t m o le c u le ) also harm o n ic  and  an harm on ic  in te rac tio n  
betw een  a tom s.
7.2 Phononic energy dissipation through 
weakly and strongly coupled 
nanoparticles
A n an o p artic le  (an  asperity  or a lu b rican t m olecule ), consists of N  a tom s 
an d  a tta c h e d  to a  surface of an o b jec t ( o b jec t 1 ) or p laced  betw een two 
surfaces, gives 3N add itio n a l k ine tic  degrees of freedom  to  th e  system . Since 
th is  p a r tic le ’s size is very sm all, its  v ib ra tio n a l frequency  sp ec tru m  is d iscrete, 
b u t ow ing to  the  coupling betw een th e  n an o p artic le  and  the  partic les  th a t 
it is a tta c h e d , these d iscrete  frequencies levels are  b roadened  or are m ixed 
s tro n g ly  w ith  th e  continuous v ib ra tio n a l frequency  sp e c tru m  of the  partic les. 
C orrespond ing  density  of v ib ra tio n a l frequencies are  show n schem atically  in 
F ig .7.2. T h e  frecpiencies of th e  n an o p a rtic le  are  rep resen ted  by d iscrete
lines b u t w hen th e re  is in te rac tio n  betw een th e  n an o p a rtic le  and  the  ob jec ts , 
th e se  d iscre te  lines becom e L oren tzian  like functions th a t  rep resen ting  the  
local density  of frequencies or form  a con tinuous function  w hen the  in te rac tio n  
betw een  th e  n an o p artic le  and  the  ob jec ts  is strong .
T h e  to ta l H am ilton ian  of the  system  can be expressed  as
H ,  =  E  +  E  « 7 2  +  E  ^ * ^ 7 , 1 « (7.2)
71 72 Qa
H ere r/i, qo and  qA are q u an tu m  num bers for v ib ra tions of the  ob jec t 1, ob ject 
2, and  asperity , respectively. T he coupling can be described  by an in te rac tion
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D2( i^q)
F i g u r e  7 .2 : D ensity  of frequencies of a  n an o p artic le  betw een two ob jects 
Schem atic description of density of frequencies of a nanoparticle and two reservoirs 
th a t are coupled by an interaction.
H a m ilto n ia n
Hint = M id i ' l l  + I ]  + « 72«r,)
Q2,(IA
+  +· ■·  (’f-d)
7.-1.7^ 1'>?i
in te rm s  of th e  harm on ic  (T )  and an h arm o n ic  (U) coupling  coefficients. T he  
tra n s itio n s  betw een  the v ib rations are m ain ly  clue to th e  harm onic couplings 
b u t an h arm o n ic  couplings can be significant when localized v ib rations of the 
n a n o p a rtic le  ( or asperity  ) are excited  and  th e  harm onic, couplings of these 
v ib ra tio n s  are  sm all. D ifferent from  th e  m odel th a t  we considered while 
s tu d y in g  q u a n tu m  hea t transfer, the  harm on ic  couplings T,,,,/., and can
be very  different. In the  qu an tu m  h ea t tran sfe r p roblem  th e  m odel system  was 
sy m m e tric , bu t in the  presen t m odel our system  of in te res t is asym m etric  and 
th e  n an o p a rtic le  ( or asperity  ) d irec tly  coupled to one of the  ob jects ( here, 
o b je c t 1 ) a lth o u g h  it can be far from  th e  o th e r ob jec t ( ob jec t 2 ). However, 
Z,.,.,/., can  be significant if the  separa tion  betw een the  asp erity  and the  ob ject 
2 is sm all.
m r sim plicity , and  as the  tre a tm e n t of the  trcinsitions are the  sam e, we will
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c o n c e n tra te  on tlie s itu a tio n  in w hich th e  separation, betw een the  asperity  and 
th e  o b je c t 2 is large and is negligible . However, the  ¿isperity is a ttac lied
to  th e  o b je c t 1 and  hence is re la tive ly  large.
W eak coupling  and  strong  coupling regim es can be d istingu ished  according 
to  tlic value oF if  is sm all enough th a t  any p e r tu rb a tiv e  approach
app lies , on th e  o the r hand  if is large enough th a t  we have to consider the  
sy stem  as a  w hole and  have to solve w ith  a  single to ta l H am ilton ian .
in  th e  weak coupling case, the  d iscre te  s ta te s  of a  nanopcirticle broadens and 
form s L orentzian  like local density  of s ta te s . T h e  w id th  of such a L orentzian  
gives us th e  decay ra te  of the  ex c ita tio n  w here inverse of the  w id th  is the  life 
t i me  of th e  ex c ita tion .
A sm all system  w ith  d iscre te  s ta te s  in te rac tin g  w ith  a larger system  
w ith  con tinuous s ta tes  and  b roaden ing  of these d iscre te  s ta tes  ( particu la rly  
in th e  L oren tz ian  function  form  ) can be encoun tered  in m any physical 
sy stem s like chem isorp tion  of a tom s or m olecules on s u r f a c e s . e l e c t r o n i c  
c o n d u c tiv ity  th rough  a finite sm all sy stem  w ith  a d iscre te  s p e c t r u m . F o r  a 
v ib ra tio n a l system , G. A. Voth*^' derived  an effective decay ra te  expression 
for th e  in tram o lecu la r v ib ra tio n a l decay dynam ics of an initiall}' p repared  
n o n s ta tio n a ry  s ta te  in a po lya tom ic  m olecule. In his study , there  are finite 
n u m b e r of s ta te s  d irec tly  coupled to  the  in itia l s ta te , and  a set of s ta tes  coupled 
to  those s ta te s . T his is called a “ tie r” s tru c tu re  th a t  th e re  can be several tiers 
of s ta te s . T h e  decay ra te  for a  th ree  tie r  system  had  been given in tire sam e 
s tu d y  b u t using the  sam e approach  one can achieve th e  decay rates for two 
tie r  system s. O ur system  of in te res t is a  two tie r sy stem  w ith the d iscrete  
Fre(!uencies of the  asperity  and  the  continuous frec[uencies of the  ob ject 1. F.q. 
7.4 gives th e  shifts in the  energy ( peek position  of the  L orentzian  ) A ,,,
A,, = RP.
an d  f ', , , is th e  decay ra te
l -> 0  -  (/ií2,J
Z 7 T  ,
7.4)
( L Ó )
W hen th e  non-equ ilib rium  phonon d is tr ib u tio n  a t th e  asperity  is c rea ted , the 
s t a t e  of th e  aspei'ity  can be defined in te rm s of the  n um ber of quan t a  in each
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F ig u r e  7 .3 ; Energy d issipation  in th e  v ib ra tio n a l q u an tu m  num ber space 
The s ta te  of the asperity at any time is indicated by the number of quanta in each 
vibrational mode of the asperity, (tii, n-i, The system will go from the initial
s ta te  'P,· to the final s ta te  IP/ due to harmonic coupling between the asperity and 
the object. Final sta te  has the number of quan ta  values equal to the corresponding 
PlauclFs distribution value at (a) All vibrational modes of the asperity are 
coupled to the object harmonically, (b) Effect of the anharmonic couplings among 
the modes of the asperity.
v ib ra tio n a l m ode of the  asperit}^ ( 'F,· =  (?ri, n 2, ..., «syv ))· If a v ib ra tiona l 
m ode is no t excited  then  the  n u m b er of q u a n ta  value is equal to the  value 
g iven by th e  P lanck  d is tr ib u tio n  a t To- T h e  m odes th a t  are excited  have higher 
num l)er of q u a n ta  values then  the  values a t To- If these m odes are coupled to 
th e  v ib ra tio n s  of the  ob jec ts  th en  excess phonons will decay w ith  the  decay 
ra te  r,,.,, and  the num ber of q u a n ta  values decrease to the  values a t T his 
s itu a tio n  can be well rep resen ted  in v ib ra tio n a l q u an tu m  num ber space shown 
in F ig .7.3. T he in itia l s ta te  correspond to  a po in t in this 3A'’ d im ensional
space and  if there  is no coupling betw een th e  asp erity  and the  ob jec ts  it will 
con tinue  to have the  sam e num ber of q u a n ta  values and  occupy the sam e poin t 
in th is  q u an tu m  num ber space. If th e re  are  anharm on ic  couplings betw een 
th e  m odes of the  asperity  then  the  s ta te  of th e  asperity  will hope from  one 
po in t to an o th er b u t on the  sam e energy shell in th is space since th e re  is no 
possib ility  to decrease the  energy. A ssum e th a t  all th e  v ib ra tional m odes of the  
as |)e rity  are coupled to the  p artic le  and  th e  anharm on ic  te rm s are negligible, 
t hen th e  s itu a tio n  shown in F ig .7.3(a) occurs. Due to  the  couplings the  num ber
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of q u a n ta  in each v ib ra tio n a l m ode decreases and finally th e  asperity  reaches 
to  the  final s ta te  '■P/ w here all th e  n u m b e r of q u a n ta  are equal to the  values a t 
eq u ilib riu m  te m p e ra tu re . If som e of th e  m odes of the  asperity  are no t coupled 
to  th e  p a rtic le  ( like i and  j  m odes in F ig .7 .3(b) ) b u t coupled anharm on ically  
to  th e  o th e r  m odes of the  asperity , th e n  th e  phonon s ta te  will transfer to 
o th e r  s ta te s  and  even tually  it will hope from  one po in t to  ano ther. H opping is 
alw ays on th e  sam e energy shell like an  iso la ted  m olecule since th e  m odes th a t 
a re  coupled  to th e  o b jec t harm on ica lly  will d issipa te  the  energy by tran sferring  
th e  excess phonons to  the  ob jec t. T h e  final s ta te  in this s itu a tio n  also will be 
'Pf b u t in th is case, th e  energy d iss ip a tio n  ra te  will be dom in a ted  by hopping  
ra te s  of th e  v ib ra tions due to an h arm o n ic  couplings.
In th e  s trong  coupling case, th e  v ib ra tio n a l m odes of th e  asp erity  and  
th e  phonons of th e  o b jec t are s tro n g ly  m ixed  and  m ost of the  s ta tes  becom e 
com bined  s ta te s  excep t localized asp e rity  m odes. T he ex ten d ed  ones of these 
com bined  s ta te s  of the  a s p e r ity + o b je c t sy stem  tra n sp o rt m ost of the  energy 
w ith  h igher tran sfer ra tes. In com ply  w ith  the  resu lts  of ch ap te r 6 we can 
express th e  h ea t cu rren t in th e  following form :
Jrs =  h /  D r 5(n ) i ; (n ) [n ( i f ,  T) -  n (fl, dfl (7.6)
w here Dts{^) is th e  local density  of frequencies of the  com bined system  
ca lcu la ted  a t the  asperity  and  v{fl) is th e  velocity  of th e  v ib ra tio n  ( group  
velocity  w hen w avevector q is well defined ). î î (î 2,T ) is th e  non-eciuilibrium  
phonon  d is tr ib u tio n  and  here,v(i2) is th e  crucial p a ram e te r and  defines the  ra te  
of enei’gy d issipation .
7.3 Calculations on a model system
In  th is  section  the  form alism  o u tlin ed  above is applied  to a m odel system  th a t 
consists of an asp erity  having  14 Cu a tom s in th ree  layers (1 + 4 + 9 ) a ttach ed  
to  a Cu(lOO) surface rep resen ting  th e  o b jec t 1 in Fig. 7.1. T h e  v ib ra tional 
m odes of the  asp erity  are achieved by d iagonaliz ing  the dynam ical m a trix . T he 
in te ra to m ic  in te rac tio n s  are derived  from  an  em pirical p o t e n t i a l . I n  order to
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g e t th e  uncoupled  v ib ra tio n a l m odes of th e  asp erity  th e  Cu(lOO) surface was 
ta k en  rig id . E ach  of these 3N =  42 v ib ra tio n a l m odes of th e  a sp erity  behaves 
like an in d ep en d en t harm on ic  o scilla to r w ith  m ass m  w hich is equal to th e  m ass 
of a  single Cu atom . T h e  in itia l d isp lacem en t of the  a tom s of th e  asperity  as 
we rep resen ted  in F ig .7.1 before th e  onset of the  slip induces in itia l increase of 
th e  energy  A V r of th e  asp erity  w hich is transfo rm ed  in to  v ib ra tio n a l energy. 
S ince th e  in itia l d isp lacem en t vecto r of the  asperity  can be expanded  in te rm s 
of v ib ra tio n a l m odes of th e  asp e rity  (|T,· > =  >  w here >  are
th e  s ta te s  rep resen ting  the  v ib ra tio n a l m odes ), th e  increase in th e  energy AVx, 
can  be given as a su perposition  of harm o n ic  oscilla to r energies.
 ^ a* (7.7)
9/1 1 A
E ach  v ib ra tio n a l m ode will have th e  n u m b er of q u a n ta  w here =  
hCLq^ {riq^  +  | ) ) .  N ote th a t ,  we first view each v ib ra tiona l m ode of th e  asperity  
as a  classical harm on ic  osc illa to r w ith  in itia l d isp lacem ents bu t then , we 
assign a q u an tu m  n u m b er to  each m ode. T h is way, we assum e th a t,  in itia lly  
we have a p repared  q u a n tu m  s ta te  T,· of th e  asperity  having energy  close to its 
classical energy increase.
T h e  decay ra te s  of each v ib ra tio n a l m ode w ere given by Eq. 7.5 and
¿An
dt
Î A .can  be used for th e  decrease of excess phonon  d is tr ib u tio n  in th e  form  
—Γ,^^. In  o rder to  ca lcu la te  we need to  know th e  harm on ic  coupling 
coefficients betw een th e  asp erity  and  th e  Cu(lOO) surface. T h e  recen t work®® 
by G ruebele  and  coworkers allows us to e s tim a te  the  harm on ic  an d  h igher o rder 
coup ling  p a ram e te rs  as we used for a  q u an tu m  w ire w hich is w eakly coupled 
to  Cu(OOl) surfaces in c h a p te r  6. T h en  harm on ic  coupling coefficient can be 
expressed  as
T „ ,„  =  (7.8)
H ere, Eq  ^ and  Eq^  are energies of th e  v ib ra tions  ( Eq^  = hflq^, Eq^  =  Uflq^  ), 
a  is a  coupling p a ra m e te r  th a t  we e s tim a ted  for Cu as 0.023 in ch ap te r 6. Uq^  
an d  are  the  num bers of q u a n ta  of th e  m odes of the  a sp erity  and  th e  ob jec t 
1. U sing Eq.7.8 and  D ebye m odel for density  of frequencies for th e  o b jec t 1, (
D\{ü) =  A i j fP  w here A i t^ = and  vn;r is th e  long itud ina l or transverse
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sound  velocity  of Cu. ) the  decay ra te  of each m ode can be expressed as
2 7 T
h
■a^AiE‘^ {n^  +  ,l)n,‘9/1 (7.9)
D efining R{Plq^) =  Ya^ALEPin^ +  1), it can  be seen th a t we have
a  differen tial eq u a tio n  of the  form
cln,1±
dt = -R {n 1aP^<ia· T h e  so lu tion
of th is  d ifferen tial equation  is an  ex p o n en tia l decaying function , nq^ [^t) — 
n(i^^[0)exp{—R{flq^^)t). T h e  energies of each v ib ra tio n a l m ode decay w ith  the  
sam e ra te  also, ^[t))exp{—RiPlq^yt).
VVe took an in itia l s ta te  for our sy stem  by d isp lacing  the  apex a to m  of th e  
a sp e rity  by 0.3 A and  th e  four a to m s a t th e  first layer by 0.15 A in the  .2;- 
d irec tio n  w ith  these  d isp lacem ents of th e  a tom s m ain ly  four v ib ra tio n a l m odes 
are  excited . T h e  decay of th e  excess energy is show n in F ig .7.4 as a  function  
of tim e.
T h e  to ta l energy Vj· is rep resen ted  by solid line in F ig .7.4(a) and (b) w here 
th e  m ode  having  th e  h ighest co n trib u tio n  to  th e  decay tim e is rep resen ted  by 
dash ed  line. T h e  m ode having low est frequency  {Eq  ^ — 89.76 K ) of these 
fou r has the  h ighest in itia l n um ber of q u a n ta  (n ,^  ~  9 ) and  dom inates the  
decay  ra te  of th e  excess energy from  th e  asperity , since it has the  low est decay 
ra te  ( r ,^  =  0.459 x lO^^sec“ ^). W hen  we eq u a te  th e  in itia l num ber of q u a n ta  
of th is  m ode to  th e  P lan c k ’s d is tr ib u tio n  function , we can  get the  effective 
te m p e ra tu re  w hich is ~  809 K.
in  th is section , we develop a fo rm alism  for the  phononic energy d issipation  
th ro u g h  a n an o p artic le  w hich has a  non -equ ilib rium  phonon d is trib u tio n . We 
d iscussed  possib le in te rac tio n  regim es of the  n an o p artic le  and  the  neighboring  
o b je c ts  like w eak and  strong  coupling  regim es and  discussed the  effect of 
an h arm o n ic  couplings. F inally , we app lied  our form alism  to a m odel system  
in th e  weak coupling regim e and  analyzed  the  decay of in itia l excess energy 
c rea ted  th rough  th e  stick-slip  m otion  . We found th a t  th e  change of energy  is 
in th e  exponen tia l decaying form  as a  func tion  of tim e.
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time ( p s )
F ig u r e  7 .4 : P hononic  energ}^ d issipation  trom  an asperity  
Decay of the excess vibrational energy and the energy of the modes of the asperity 
as functions of time. In (a), time scale is up to 10 ps; and in (b), time scale is up to 
100 ps
Chapter 8
Conclusions
A lth o u g h  th e  fu n d am en ta l aspec ts  of fric tion  have been discussed for centuries, 
our know ledge ab o u t its m icroscopic aspects is no t com plete. In th is  Ph.D . 
thfjsis s tu d y  1 aim  to u n d e rs ta n d  th e  a tom ic  scale processes in th e  course 
of co n tac t and  sliding and  develop m icroscopic theories on the  h ea t transfer 
th ro u g h  n an o o b jec ts  an d  on th e  energy  d issipation  du ring  friction.
F irs t a  sim ple m odel is in tro d u ced  to  explore the  effect of various p aram eters  
on fric tion  and  to analyze th e  stick-slip  m otion  in th e  presence of local elastic 
d e fo rm ation . T h e  m ost in te re s tin g  finding of th is  s tu d y  is thcxt owing to the  
e las tic  defo rm ation  th e  in te ra c tio n  energy  and  the  force varia tions are m odified. 
In  p a rtic u la r , for certa in  c ircum stances  th e  co rrugation  of the  in te rac tio n  
energy  can  be inverted . VVe show ed th a t such a s itu a tio n  m ay give rise to 
a  second s ta te  in th e  stick-slip  m o tio n  and  an iso tropy  in the  hysteresis curve.
T h e  ab -in itio  self-consisten t p seu d o p o ten tia l calcu la tions, atom ic sim ula­
tions bcised on the classical m o lecu lar dynam ic  m ethod  and calcu lations of 
th e  van der W aals in te rac tio n  for a  Si tip  Si sam ple system  yield num ber of 
in te re s tin g  resu lts  w hich are im p o rta n t for the  u n d ers tan d in g  of the  range of the  
in te rac tio n s . T he range of th e  a t tra c t iv e  force o rig inating  from  the  in terac tion  
of wave functions is ccilculated to be ~  6 — 7 Á. On the o the r hand , the  
m a.xim um  of th is force is ~  nN . th a t is significantly  larger th an  the m easured
97
Chapter 8. Conclusions 98
force C learly, the  ca lcu la ted  sh o rt-ran g e  force cannot exp lain  the  varia tion  of 
th e  m easu red  force. T he van der W aals in te rac tio n  ca lcu la ted  for certa in  types 
of tip  su p p o rt and  tip -end  can y ield  force varia tion  in agreem ent w ith  the  
m easu red  varia tion , ft appears th a t  Ft(d) ~  Fsr{cI) -|- Fydw{d) for d >  4 -  5
A. T h e  serious d iscrepency  betw een th e  m ax im u m  value of the  ca lcu la ted  Fsr 
an d  m easu red  one is, how ever, m a in ta in ed . We do no t p rovide a conclusive 
ex p lan a tio n  w hy the  m a.xim um  of th e  a t tra c tiv e  force is so sm all. F rom  these 
resu lts  of th is  work we learned  th e  n a tu re  of forces ac ting  in the  course of th e  
re la tiv e  m o tion  of ob jec ts  lead ing  to  friction.
T h e  ca lcu la tions on the fo rm atio n  of con tac t, n an o in d en ta tio n  and  sliding 
fric tion  w ere perfo rm ed  by s im u la tin g  rea lis tic  system s and  the  following 
im p o r ta n t fea tu res were discovered: i) U pon th e  onset of the  con tact of a  sharp  
tip  th e  m u ltip le  ju m p  to con tac t even ts can occur in th e  a ttra c tiv e  regim e of 
th e  no rm al force. T h e  Ni layers (or a tom s) n ea r the  apex  engage in th e  ju m p  
to  co n tac t phenom ena  even though  th e  e lastic  stiffness constan ts  of Ni are 
la rge r th a n  those. A lready w ith  th e  onset of the  con tac t, a tom s from  th e  
low er planes of th e  asperity  becom e m a tch ed  to  th e  su b s tra te  la ttice  s tru c tu re . 
T h e  s itu a tio n  is reversed if th e  tip  is b lu n t w ith  large area  of con tac t. In 
th is  case, m a in ly  th e  Cu a tom s on th e  surface ju m p  to con tac t in a  single 
even t, ii) In d e n ta tio n  proceeds in th e  repulsive force range. For a sharp  tip  
th e  p e rp en d icu la r force displays cpiasilinear varia tions followed by a sudden  
decrease caused by d isappearance  of a  layer, or o the r s tru c tu ra l changes. T he  
ju n c tio n  grows d iscontinuously  an d  in genera l sudden ly  by th e  im p lem en ta tion  
of th e  new  atom s to the  in terface. H owever, the  n u m b er of atom s th a t are 
b rough t to co n tac t is different for each g row th  event. I t is in te restin g  to explore 
w h e th er the  g row th  of the  co n tac t in te rm s of these new atom s is co rrela ted  w ith  
th e  e lec tron ic  co n tac t s ta tes  d ipp ing  in to  th e  Ferm i level. In the  in d en ta tio n  
of the  flat tip  the  sudden  force varia tions ( or yields) are no t so frequen t and  
occurs m ain ly  th rough  the  slips on th e  a tom ic  planes, iii) T h e  atom  exchange, 
in w hich the  su b s tra te  and  th e  a sp erity  a tom s change th e ir positions occurs 
in  th e  repulsive force range and  increases w ith  inci'easing deform ation , iv) 
Pulling-off from  an in d en ta tio n  occurs in the  a ttra c tiv e  (tensile) range of th e  
p e rp en d icu la r force. T he connective neck first form s th rough  in te resting  a tom ic  
rea rran g em en ts  and  then  is b roken  leaving a Ni py ram idal asperity  on the  Cu
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su rface, th a t  is la ttice  m a tch ed  to  th e  su b s tra te , v) D uring  the  pulling-off, 
th e  ten sile  force exh ib its  a b ru p t changes. H owever, each of these changes are 
not a ssoc ia ted  w ith  the crea tion  of a  new  layer. Som etim es, a single atom  
im p lem en ted  betw een two ad jacen t layers induces add itional s tru c tu re s  in force 
varia tion , vi) In th e  dry  slid ing  of a  sharp  N i ( l l l )  tip  (or asperity ) on the Cu 
su rface u n d er co n stan t loading  force th e  la te ra l force exh ib its  quasi periodic 
v aria tion  ; each period  consists of tw o different stick-slip  process involving 
s tru c tu ra l  phase  transitions. W hile one layer of asperity  changes and  m atches 
th e  s u b s tra te  la ttic e  in th e  first slip, two asp erity  layers m erge in to  a one 
th ro u g h  s tru c tu ra l tran s itio n  du rin g  th e  second slip. T his leads to wear. W hile 
th e  re la tiv e  m o tio n  occurs betw een th e  regu lar p lane and  the  su b s tra te  m atched  
p lan e  of th e  asperity , the  s tra in  energy  is s to red  a t the  in terface, vii) T h e  sliding 
of a  fiat Ni(OOl) surface on the  Cu(OOl) surface depends on th e  loading force. 
In  th e  low loading  case, the  la te ra l force displays quasi-linear varia tion  in the  
stick -stag e  th a t  is followed by th e  sudden  decrease in the  slip stage. For large 
loading , th e  stick-slip  m o tion  is less regular.
T h e  configura tion  of th e  lu b rican t a tom s betw een the m oving surfaces is 
essen tia l for th e  investigation  of th e  b o u n d ary  lub rica tion . We perform ed 
a to m ic  s im u la tio n s  of Xe a to m s w ith  0  <  1 w hich play the  role of lub rican t 
betw een  tw o N i(llO ) .slabs in th e  re la tiv e  m otion . T he slabs are pressed by a 
co n s ta n t no rm al force, w hereby  Ni as well as Xe atom s are fully relaxed. In 
th is  re sp ec t, th e  presen t s im u la tio n  is un ique  and  provide valuable d a ta  for 
fu r th e r  th eo re tica l studies. W e in v estiga te  th e  behavoir of th e  lu b rican t layer 
and  slabs for different values of loads and  coverages by pressing and  sliding 
th e  slab -lu b rican t-slab  sy stem  w hen th e  lub rican t and  slab a tom s are relaxed. 
W e in v estig a ted  th e  behavior of th e  lu b rican t layer and  su b stra te  for different 
values of loads and  coverages by pressing and  sliding the  slab-lub rican t-slab  
sy stem . O ur s tu d y  of local p ressu re  d is tr ib u tio n  and a tom ic  disp lacem ents
revealed  in te re s tin g  features of lub rica tion .
W e discussed im p o rta n t fea tu res  of th e  heat conduction  via phonons 
th ro u g h  a nan o o b jec t and proposed  a  form alism  to calcu la ted  the  conductance 
inc lud ing  th e  ballistic  as well as tu n n e lin g  con tribu tions. As a specific exam ple 
we in v estiga ted  th e  ballistic  h e a t tran sfe r th rough  an infinite a tom ic  chain and a
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fin ite  a to m ic  w ire. For an  in fin ite  and  perfect a tom ic  chain a t low te m p e ra tu re , 
th e  co n d u c tan ce  is eciual to  a  un iversal value tim es te m p era tu re . As th e  
crossection  of th e  w ire becom es th icker to include several ( sub- ) b ranches 
d ue  to  th e  confinem ent of tran sv erse  m otion  of ions, each b ranch  co n trib u tes  
to  th e  ballis tic  h ea t conductance  by an am oun t depend ing  on the th resho ld  
frequency  of th e  b ranch . T h e  h igher is the  frequency  of the  m ode th e  sm aller 
becom es th e  co n trib u tio n . T h is is rem in iscen t of the  electron  tra n sp o rt th rough  
a nanow ire  ( or co nstric tion  ). I t was shown th a t th e  electronic conductance  
G increases in s teps of 2e^/h w henever a  s ta te  connecting  bo th  reservoirs 
th ro u g h  co n stric tio n  is low ered and  aligned w ith  Ferm i energy hip and  becom es 
a c u rre n t- tra n sp o rtin g  s ta te . T h is  occurs since th e  w id th  and  d ia m e te r of the  
c o n stric tio n  is increasing. For a  fin ite a tom ic  chain we analyzed th e  n a tu re  
of m odes based  on an a tom ic  m odel of the  system  as strongly  localized or 
confined s ta te s , confined resonances and  cu rren t tran sp o rtin g  resonances. O ur 
ca lcu la tio n  for th e  h ea t tran sfe r v ia  cu rren t tran sp o rtin g  resonances revealed  an 
in te re s tin g  aspec t of th e  q u a n tu m  h ea t transfer. T h a t is the  h ea t conductance  
due  to  th e  b a llis tic  tran sm ission  of phonons increases w ith  increasing  leng th  
of th e  a to m ic  chain  betw een reservoirs. T he above issues are investiga ted  
u n d er th e  con tex t of “Q u an tu m  H eat T ransfer” and  for the  first tim e  q u a n tu m  
concep ts  are found in  the  energy  tran sfer th rough  nanopartic les.
U sing th e  th eo ry  developed u n d e r th e  con tex t of “Q u an tu m  H eat T ran sfer” 
we s tu d ie d  th e  energy  d issipa tion  p rob lem  in friction. We m odeled the  phononic 
d iss ipa tion  and  proposed  a m e th o d  to ca lcu la te  energy d issipation  . O ur 
m e th o d  is exam plified  by a sim ple  ca lcu la tion  on a m odel system . T h is is 
th e  first rea lis tic  m icroscopic tre a tm e n t of energy d issipation  in friction.
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